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The fission yeast Schizosaccharomyces pombe is an attractive unicellular model 
organism to study various aspects of cell biology, including cell morphogenesis and 
cytokinesis, as it allows powerful genetic analysis to be combined with biochemistry, 
and, more recently, with live cell imaging techniques. The cylindrical S. pombe cell 
grows from the cell ends to expand its size, and divides in the middle to give rise to 
two daughter cells. In the past few years, many mutants defective in polarized growth 
and cell division have been isolated and characterized in fission yeast. However, the 
underlying molecular mechanisms for the control of cell morphogenesis and 
cytokinesis remain not fully understood. Identification of novel components in these 
processes will provide more insights into our current understanding on cell 
morphogenesis and cytokinesis. 
In the first part of this study, I identified a novel protein Pal1p that localized to 
the division site as well as cell tips through a small-scale localization screen. Further 
characterization suggests that Pal1p is a membrane-associated protein and is 
important for maintenance of cylindrical cellular morphology. Cells deleted for pal1 
display spherical and pear-shaped morphology with a thicker cell wall. 
Co-immunoprecipitation experiments show that Pal1p physically interacts with the 
Huntingtin-interacting-protein (Hip1)-related protein Sla2p/End4p, which is also 
required for establishment of cylindrical cellular morphology. Consistent with studies 
 viii 
from budding yeast and mammalian cells, Sla2p physically interacts with the clathrin 
light chain Clc1p and is involved in the regulation of endocytosis. Interestingly, 
spherical pal1∆ mutants polarize to establish a pearlike morphology before mitosis in 
a manner dependent on the kelch-repeat protein Tea1p and the cell cycle inhibitory 
kinase Wee1p. Failing to do so, spherical cells are unable to coordinate the mitotic 
spindle and the actomyosin ring properly. These observations led us to propose that 
overlapping mechanisms involving Pal1p, Tea1p, and Sla2p contribute to the 
establishment of cylindrical cellular morphology, which is important for proper spatial 
regulation of cytokinesis. 
In the second part, I identified and characterized a paxillin-related protein Pxl1p, 
which is a novel component of the actomyosin ring in fission yeast. Pxl1p localizes to 
the division site in an F-actin dependent manner and requires the integrity of the 
actomyosin ring. Failure of cytokinesis in the absence of both Pxl1p and Clp1p 
strongly suggests that the actomyosin ring is partially functional in pxl1∆ mutant cells. 
Intriguingly, live cell imaging has shown that a splitting of the actomyosin ring in late 
anaphase in the absence of pxl1, which leads to the formation of two rings of which 
only one undergoes constriction. I further found that the rate of ring constriction is 
slower in pxl1∆ mutant cells compared to the wild type cells. In addition, pxl1∆ 
mutants display strong genetic interactions with mutants defective in IQGAP-related 
protein Rng2p and mutants defective in components of the fission yeast type II 
myosin machinery. Collectively, these results suggest that Pxl1p might cooperate with 
type II myosin and Rng2p-IQGAP to regulate actomyosin ring constriction as well as 
 ix 
to maintain its integrity during constriction. 
Together, these studies provide a framework for the understanding of 
co-ordination between cell shape and cytokinesis, and the structure of the actomyosin 
ring during cytokinesis in fission yeast. Based on the fact that many genes are highly 
conserved, these studies might expand our knowledge of cell morphogenesis and 
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1 CHAPTER I  GENERAL INTRODUCTION 
 
1.1 Overview of cell morphogenesis 
1.1.1 Importance of cell shape on cell function 
Cells exhibit a wide variety of shapes that relate to their functions in both 
unicellular and multicellular organisms. For instance, bacteria display a 
remarkable array of cell shapes that are important for nutrient uptake and motility 
(Young, 2006). In higher eukaryotic organisms, the nervous system is composed 
of a large number of neurons with complex and diverse morphologies that allow 
direct communication between multiple cells and tissues over long distances (Luo, 
2002). Furthermore, cells undergo morphological switching to adapt distinct 
environments. One example is that of the ellipsoidal yeast cell to the long 
filamentous hypha morphological change in the human opportunistic pathogen 
Candida albicans, which contributes to the virulence and invasive potential of the 
organism (Whiteway and Oberholzer, 2004). The establishment and maintenance 
of various cell morphologies is largely dependent on asymmetrical localization of 
molecules and segregation of components into compartments. Such asymmetries 
and cell polarization have been investigated in different organisms and cell types, 
including mother and daughter cells in the budding yeast Saccharomyces 
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cerevisiae, apical and basolateral domains in epithelial cells, and leading and 
trailing edge in migrating mammalian cells (Drubin and Nelson, 1996; Nelson, 
2003).  
 
1.1.2 Molecular components and mechanisms during cell morphogenesis 
Studies in various model organisms ranging from yeast to mammalian cells 
have indicated that the molecular components and cellular mechanisms for cell 
morphogenesis and cell polarization are highly conserved in many eukaryotes 
(Nelson, 2003). These conserved components include actin and microtubule 
cytoskeletons, septins, membrane trafficking, cell wall and signaling molecules, 
such as Cdc42p, which integrate into a complex and dynamic network to 
determine the overall cell polarity and morphology. 
Actin cytoskeleton 
The actin cytoskeleton plays a fundamental role in regulating cell polarity and 
morphogenesis by providing the structural basis and mechanical support in all 
eukaryotic cells. The assembly of actin filaments, initiated by specific actin 
nucleation factors in a localized manner, is the key mechanism that allows polarity 
generation and maintenance (Pollard, 2007). It has been shown that cortically 
localized actin patches are associated with polarized growth machinery in budding 
yeast. In addition, actin cables in conjunction with the type V myosin Myo2p 
function in polarized secretory vesicles transport (Pruyne and Brestcher, 2000). In 
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migratory mammalian cells, actin-based structures at the plasma membrane, 
lamellipodia and filopodia, define the polarity and provide the basis for directional 
migration (Ridley et al., 2003). In higher plants, drug treatment studies and mutant 
characterization suggest that the actin cytoskeleton is involved in cell shape 
development by controlling subcellular motility and vesicle trafficking processes 
(Mathur, 2004). 
Microtubule cytoskeleton 
Microtubules are highly dynamic polymers built from 13 protofilaments, each 
composed of an array of α/β-tubulin dimers. The intracellular organization of 
interphase microtubules makes a large contribution to cell polarity by providing 
long-range pathways for the delivery of components to specialized locations 
(Siegrist and Doe, 2007). In the axon and dendrites of a highly polarized neuron, 
microtubules run in a longitudinal direction and act as tracks for the transportation 
of membranous organelles and protein complexes (Luo, 2002). In epithelial cells, 
microtubules are organized into bundles along the apical-basal axis of the cell and 
function to deliver vesicles to specific membrane domains (Yeaman et al., 1999). 
In plant cells, cortical microtubules form arrays with a high degree of order, 
controlling cell shapes and growth patterns by organizing cellulose synthase 
complexes in the plasma membrane (Lloyd and Chan, 2004). 
Septins 
Septins are a conserved family of GTP-binding proteins that are able to form 
higher-order structures including filaments and rings by polymerization (Weirich 
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et al., 2008). The fundamental role of septins in cytokinesis is conserved from 
yeast to humans, and recent studies have suggested that these proteins have crucial 
functions in cell morphogenesis and polarity (Gladfelter, 2006; Spiliotis and 
Nelson, 2006; Weirich et al., 2008). In S. cerevisiae, septins function to promote 
polarized cell growth by recuiting proteins required for bud-site selection 
(Longtine and Bi, 2003). It has also been reported that complex and distinct septin 
structures exist that vary with the morphology in many other filamentous fungi, 
such as C. albicans and Aspergillus nidulans (Gladfelter, 2006). During 
development in animal cells, septins have a general role in cell migration and 
polarity. Various studies indicate that septins associate with the cell membrane and 
actin and microtubule cytoskeletons and might coordinate their interactions by the 
recruitment of cytoskeleton-binding proteins. This interaction is crucial for direct 
vesicle movement in polarized epithelia and neurons (Spiliotis and Nelson, 2006). 
Membrane trafficking 
Membrane trafficking events, such as endocytosis and exocytosis, are highly 
spatially regulated processes that are coordinated with overall cell polarity in most 
eukaryotic cells (Lecuit and Pilot, 2003; Brennwald and Rossi, 2007). 
Localization of the endocytic machinery to specific sites on the plasma membrane 
is important for proper organization of the cell cortex. Internalization of cargoes 
and lipids at the cell cortex might be essential for the maintenance of cell polarity 
in neurons and epithelia cells. Polarized distribution of plasma membrane proteins 
into the apical and basolateral domains in epithelia cells requires both exocytic 
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and endocytic traffic (Folsch, 2008). Mutations in the components of these 
pathways cause defects in epithelial cell polarity. In budding yeast, polarized cell 
growth requires targeting of membrane proteins and membrane insertion to the 
site of growth via the secretory pathway (Chant, 1999). Recent studies have 
shown that the exocytic pathway functions to regulate the secretion of specific 
vesicles that are crucial for polarized growth. Studies from yeast to mammalian 
cells indicate that many components involved in membrane trafficking and cell 
polarity are highly conserved, such as the exocyst complex and the signaling 
molecule Cdc42p (Brennwald and Rossi, 2007). 
Cell wall 
In fungi and plants, cells are surrounded with a rigid wall that provides the cell 
with structure support and maintains the proper cell shape. The budding yeast cell 
expands its cell wall during cell growth and forms a division septum during cell 
division, indicating that cell wall biosynthesis is associated with cell 
morphogenesis (Lesage and Bussey, 2006). During the mitotic cycle, the growth 
pattern switches from the apical to isotropic state within the bud, and this is 
accompanied by the reorganization of the actin cytoskeleton and relocalization of 
cell wall synthetic enzymes. In plant cells, the cell wall consists of an ordered 
array of cellulose microfibrils, which determines the shape and size in various 
tissues and organs (Cosgrove, 2005). Cell expansion during development is 
restricted to a small region of the cell or spread over the entire cell (Mathur, 2004). 
It is thought that the cytoskeletons also play an important role in defining regions 
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of the cell wall for growth and directing cell expansion in plant cells (Smith, 2003; 
Smith and Oppenheimer, 2005). 
Cdc42p 
Cdc42p is a member of the Rho-GTPase family, which function as a molecular 
switch in various cellular processes (Etienne-Manneville and Hall, 2002). Like all 
the Rho-GTPases, Cdc42p cycles between two different conformational states: an 
active GTP-bound state and an inactive GDP-bound state (Johnson, 1999). It is 
apparent from a large number of studies that Cdc42p acts as a master regulator for 
the signal transduction pathway that controls the establishment and maintenance 
of cell polarity in all eukaryotic cells (Etienne-Manneville, 2004 and Johnson, 
1999).  
Cdc42p was first identified as a component of the polarized growth machinery 
from a genetic analysis in S. cerevisiae. In the absence of Cdc42p, yeast cells fail 
to undergo polarized growth, leading the formation of large, round and unbudded 
cells (Adams et al., 1990). Recruitment and local activation of Cdc42p at the sites 
of polarized growth is essential for bud formation during vegetative growth, and 
for shmoo projection during mating (Madden and Snyder, 1998, Johnson, 1999). It 
has been suggested that local activation of Cdc42p might be a key mechanism for 
the regulation of cell polarity in other organisms as well (Etienne-Manneville, 
2004). In migratory mammalian cells, Cdc42 and other Rho family proteins 
control the formation of lamellipodia and filopodia (Ridley et al., 2003). In 
addition, it has been shown that Cdc42 controls the polarity of the single-celled 
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zygote through regulating the asymmetric distribution of PAR proteins in 
Caenorhabditis elegans (Etienne-Manneville and Hall, 2002). 
Cdc42p functions as a signaling molecule in response to intracellular and 
extracellular cues and controls cell polarity largely by organizing actin 
cytoskeleton (Etienne-Manneville, 2004, Park and Bi, 2007). It is well established 
that Cdc42p is able to stimulate actin-related proteins 2/3 (Arp2/3p) complex 
mediated actin polymerization through activation of the Wiskott-Aldrich 
Syndrome protein (WASp) (Jaffe and Hall, 2005). Other downstream effectors of 
Cdc42p signaling complex include the microtubule cytoskeleton and the vesicle 
trafficking machinery (Etienne-Manneville, 2004, Park and Bi, 2007). 
In summary, cell morphogenesis and cell polarity are initiated by localized 
assembly of signaling molecules at the cell surface, which direct the organization 
of the cytoskeleton and targetd vesicle delivery. The coordinated interaction of 
these events contributes to the generation of distinct cell forms and specification 
of cell functions. 
 
1.2 Cell morphogenesis in fission yeast 
1.2.1 Introduction 
The fission yeast Schizosaccharomyces pombe is a unicellular rod-shaped 
organism with a rigid cell wall. Due to its regular cell shape and defined growth 
pattern, S. pombe has become a powerful model organism for studies related to 
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cell morphogenesis in the past decade. The cylindrical haploid cell is 3-4 
micrometers in diameter and 7-14 micrometers in length. During vegetative 
growth, cell wall expansion is restricted exclusively to the cell ends in interphase, 
whereas during cytokinesis a septum is deposited in the middle of the cell. After 
cell division, the newly born daughter cells initiate growth only from the tip that 
preexisted in the mother cell. During G2 phase, cells switch to biopolar growth by 
activating cell growth at the new tip generated in the previous cell division, which 
is referred to as new-end take off (NETO). Upon entry into mitosis, tip elongation 
stops and upon nuclear division the growth machinery is redistributed to the 
division site. At the final stage of cell division the medial septum separates one 
mother cell into two daughter cells (Mitchison and Nurse, 1985). It has been 
documented that these morphological changes in the cell cycle correlate with 
changes in the organization of both actin and microtubule cytoskeletons (Marks et 
al., 1986; Hagan and Hyams, 1988). 
Many mutants with aberrant cell morphologies have been isolated from 
various genetic screens, including spherical mutants which lack the ability to 
establish and maintain growth zones and Tea mutants that are able to polarize, but 
fail to maintain cell growth in a straight line. (Umesono et al., 1983; Snell and 
Nurse, 1994; Verde et al., 1995; Hirata et al., 2002). Characterization of these 
mutants has greatly advanced the knowledge on molecular mechanisms involved 
in polarity establishment and maintenance. 
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1.2.2 Actin cytoskeleton and cell morphogenesis 
In fission yeast, F-actin organizes into three distinct types of structures: the 
patches, the cables and the ring (Marks and Hyams, 1985). During interphase 
F-actin patches are enriched at the actively growing cell ends. In contrast, F-actin 
cables run along the long axis of the cell and establish contacts with the cortical 
actin patches. It has been observed that the cables are also associated with the 
F-actin ring structure (Arai and Mabuchi, 2002). The F-actin ring is formed upon 
entry into mitosis at the medial region after disassembly of the cortical actin 
patches at the cell ends. Following ring constriction actin patches are concentrated 
proximally to the actin ring and the septum is deposited. Upon exit from mitosis, 
actin patches again localize to the growing cell end. 
Several lines of evidence strongly indicate that the actin cytoskeleton 
functions as the key regulator of cell morphogenesis in fission yeast. Firstly, 
F-actin patches are only present at the sites of cell growth (Marks and Hyams, 
1985). Secondly, depletion of actin structures after drug treatment prevents cell 
growth from the ends (Pelham and Chang, 2001). Thirdly, it has been shown that 
F-actin patches are required for the deposition of cell wall material during cell 
growth (Kobori et al., 1989). Finally, membrane trafficking, such as endocytosis 
which is essential for cell growth, is inhibited at the cell poles when the integrity 
of F-actin patches is affected (Gachet and Hyams, 2005). 
Furthermore, previous studies have demonstrated that many regulators of the 
F-actin patches are required for the maintenance of cell morphology, such as the 
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actin Act1p/Cps8p, Arp2/3p complex and the type I myosin Myo1p (Ishiguro and 
Kobayashi, 1996; McCollum et al., 1996; Arai et al., 1998; Morrell et al., 1999; 
Lee et al., 2000). Loss of function of these proteins leads to aberrant cell 
morphology and dis-organization of F-actin patches. In fission yeast, actin 
assembly in the patches proceeds through the activation of the actin nucleator 
Arp2/3p complex, which is regulated by two parallel pathways: one is WASp 
family Wsp1-dependent and the other is Myo1p-dependent (Sirotkin et al., 2005). 
In addition, dynamic movement of actin patches requires actin polymerization and 
their association with actin cables (Pelham and Chang, 2001). 
It is believed that actin cables function directly in polarity maintenance by 
guiding the myosin-based movement of secretory vesicles to the cell ends during 
polarized cell growth (Schott et al., 2002). Consistent with this notion, the fission 
yeast type V myosin Myo52p is involved in vesicle transport as well as polarized 
growth (Win et al., 2001, Motegi et al., 2001). Deletion of an actin cable nucleator 
For3p, one of the three formins in fission yeast, yields cells in which cables are 
not detectable and the growth pattern is defective: one daughter cell grows in a 
monopolar manner, while the other daughter cell initiates NETO prematurely 
(Feierbach and Chang, 2001; Nakano et al., 2002). Thus, it appears that actin 
cables are not essential for polarized growth but promote the localization of 
polarity factors at the cell ends (Feierbach and Chang, 2001). 
In fission yeast, the F-actin ring is also responsible for cell morphology, since 
it determines where the septum is deposited (discussed in more detail in 1.4.2). 
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Misplacement of the actin ring during cell division leads to generation of two 
daughter cells with unequal size.   
 
1.2.3 Microtubules and cell morphogenesis 
The microtubule cytoskeleton undergoes striking changes during the cell cycle 
in fission yeast (Sawin and Tran, 2006). During interphase, cytoplasmic 
microtubules form three to four linear bundles that are oriented along the long axis 
of the cell. Upon entry into mitosis, the interphase microtubule arrays disappear 
from the cytoplasm and the mitotic spindle forms in the nucleus. At the end of 
anaphase, the elongated mitotic spindle begins to disassemble and the cytoplasmic 
microtubules appear in the middle of the cell, forming a structure called the 
equatorial microtubule organizing center (eMTOC), which establishes a 
post-anaphase array (PAA) of microtubules. By the end of mitosis, an interphase 
microtubule array is re-established. 
In fission yeast, cells defective in microtubule function give rise to abnormal 
cell shapes: bent, branched and T-shaped cells. The first evidence for this arises 
from the identification of cold-sensitive tubulin mutants that have a bent cell 
shape (Toda et al., 1983). This observation suggested that the integrity of 
microtubules is important to keep cells growing in a straight line (Toda et al., 
1983). Similar cell shape defects were also observed when cells were grown in the 
presence of the microtubule-depolymerizing drug thiabendazole (TBZ) (Sawin 
 12 
and Nurse, 1998). Various mutants such as deletions of the microtubule organizing 
proteins Mto1p and Mto2p and the J-domain protein Rsp1p, with fewer 
microtubule bundles, showed defects in cell morphology, (Sawin et al., 2004; 
Venkatram et al., 2004; Zimmerman et al., 2004). These studies have established 
that the interphase microtubules are important for proper cell form and growth 
polarity in fission yeast.  
In cylindrical wild type cells, the interphase microtubule bundles are organized 
in an anti-parallel fashion in which the plus ends of individual microtubules are 
directed towards the cell tip and the minus ends are located in the vicinity of the 
nucleus (Sawin and Tran, 2006). Highly dynamic microtubules grow from the 
spindle pole bodies or other interphase microtubule organizing centers located 
around the nuclear envelope, and elongate until they reach the cell tip where they 
undergo “catastrophe”. Interestingly, microtubules shrink after they reach the cell 
tip, but do not do so if they touch the sides of the cell, ensuring that these 
microtubule arrays are oriented properly. (Drummond and Cross, 2000; Tran et al., 
2001). Organization of these microtubule arrays largely depends on two conserved 
microtubule-interacting proteins: the Ase1/Prc1/MAP65 family protein Ase1p, 
which functions to bundle the individual microtubules at the overlapping region, 
and the minus-end directed kinesin motor protein Klp2p, which mediates the 
sliding of newly formed microtubules towards the bundle region. (Carazo-Salas et 
al., 2005; Loiodice et al., 2005; Yamashita et al., 2005; Janson et al., 2007). 
Regulation of cell polarity by microtubules has been extensively studied 
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through the analysis of Tea1p, a kelch repeat protein (Mata and Nurse, 1997; 
Behrens and Nurse, 2002; Feierbach et al., 2004; Sawin and Snaith, 2004; Martin 
and Chang, 2005). Tea1p was initially identified in a genetic screen for mutants 
with aberrant cell shapes. tea1∆ mutants are viable but display various polarity 
defects including bent and T-shaped cells that are much more obvious at high 
temperatures. tea1∆ mutants also have a monopolar growth pattern, which 
indicates a defect in NETO. Tea1p is localized to both growing and non-growing 
tips, as well as to the plus ends of microtubules (Mata and Nurse, 1997). Live cell 
imaging analysis has shown that Tea1p is transported by microtubules from the 
middle of the cell to the cell tip (Feierbach et al., 2004). Once at cell tips, Tea1p is 
released from the plus ends of microtubules and associates with the cell cortex 
(Feierbach et al., 2004). The distribution of Tea1p on both cell tips has led to the 
conclusion that it might serve as a cell end marker to recruit cell growth 
machinery (Mata and Nurse, 1997). Association of Tea1p with the plus ends of 
microtubules requires the CLIP-170 Tip1p and the Kip2-like kinesin Tea2p 
(Browning et al., 2000; Brunner and Nurse, 2000). Deletions of tip1 and tea2 lead 
to abnormal localization of Tea1p and as a consequence are defective in polarized 
cell growth (Browning et al., 2000; Brunner and Nurse, 2000). 
Recent studies have established Tea1p as a component of a large protein 
complex that functions as a polarisome at cell ends (Glynn et al., 2001; Feierbach 
et al., 2004). In a search for relatives of Tea1p, a novel protein, Tea3p, was 
identified based on the sequence similarity. Tea3p activates cell growth at the new 
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cell end and serves as an additional cell polarity factor (Arellano et al., 2002; 
Niccoli et al., 2003). Direct interaction between Tea3p and Tea1p was further 
established through yeast two-hybrid and co-immunoprecipitation experiments 
(Snaith et al., 2005). Biochemical purification of the Tea1p-TAP (Tandem Affinity 
Purification) complex has led to the discovery of another Tea1p interacting partner, 
Tea4p (Martin et al., 2005). tea4∆ mutants display the bent and T cell shape as in 
tea1∆, and Tea4p co-localizes with Tea1p at the cell tips and microtubule plus 
ends, suggesting that Tea4p shares similar function with Tea1p (Martin et al., 
2005; Tatebe et al., 2005). A novel membrane protein Mod5p was identified from 
an insertional mutagenesis screen for mutants with bent or T cell shape. (Snaith 
and Sawin, 2003). Delocalization of Tea1p from the cell tips in mod5∆ mutants 
indicates that Mod5p acts as a scaffold protein to anchor Tea1p at the cell ends 
(Snaith and Sawin, 2003). Consistent with this notion, Mod5p physically interacts 
with Tea1p in vivo (Snaith et al., 2005). The protein complex containing Tea1p, 
Tea3p and Tea4p is transported along the microtubule and targeted to the cell ends, 
where Mod5p functions to anchor the complex. Interestingly, Tea4p physically 
interacts with For3p, and Tea1p binds to the actin-binding protein Bud6p (Glynn 
et al., 2001). For3p and Bud6p are in a formin complex to regulate actin assembly 
at the cell tips (Feierbach et al., 2004). Therefore, it is possible that the interphase 
microtubules guide cell polarity by localizing the Tea1p/Tea3p/Tea4p complex to 
cell ends, which then activates For3p/Bud6p to promote local actin assembly and 
polarized cell growth. 
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1.2.4 Cell wall and cell morphogenesis 
In S. pombe, removal of the cell wall by the treatment of cell wall enzyme 
generates protoplast cells with completely spherical shape, suggesting that the 
rigid cell wall is essential for the maintenance of cylindrical cell morphology. The 
major structural components of the cell wall are (1,3)β-D-glucan and 
(1,3)α-D-glucan, which are synthesized by two enzyme complexes 
(1,3)β-D-glucan synthase (βGS) and (1,3)α-D-glucan synthase, respectively. 
(Ishiguro, 1998). Previous studies have identified a number of proteins that are 
involved in cell wall synthesis, including three putative (1,3)β-D-glucan synthase 
catalytic subunits Bgs1p, Bgs3p, and Bgs4p and one regulatory subunit, the 
GTPase Rho1p (Arellano et al., 1996; Liu et al., 2000a; Martin et al., 2000; 
Cortes et al., 2002; Liu et al., 2002; Martin et al., 2003; Cortes et al., 2005). 
Mutations in these genes lead to defects in cell wall synthesis and results in 
abnormal cell shape. Consistently, these proteins are enriched at the cell ends and 
septum region where cell wall synthesis occurs. Furthermore, it has been reported 
that the two specific Rho1p GEFs, Rgf1p and Rgf2p, function to activate Rho1p at 
the cell ends to promote cell wall synthesis and polarized growth (Mutoh et al., 
2005; Garcia et al., 2006).  
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1.2.5 Regulation of cell morphogenesis 
Analysis of mutants with spherical cell shape has identified a number of 
molecules involved in signaling transduction during cell morphogenesis, including 
small GTPases and protein kinases (Chang and Verde, 2003). The GTPase Cdc42p 
is a central regulator of cell polarity in fission yeast. Loss of function of cdc42 
leads to the alteration of cell shape from cylindrical to spherical morphology, and 
overexpression of dominant negative cdc42 also generates spherical cells (Miller 
and Johnson, 1994). In fission yeast, Cdc42p activity is regulated by Scd1p, a 
putative guanine nucleotide exchange factor whose function is mediated by 
another small GTPase, Ras1p (Fukui and Yamamoto, 1988; Chang et al., 1994). 
Interactions of these three proteins within a complex promote activation of 
Cdc42p and control cell morphology (Chang et al., 1999). Many downstream 
effectors of Cdc42p have been identified in various organisms 
(Etienne-Manneville, 2004). In fission yeast, the best studied Cdc42p effectors are 
the family of p21-activated kinases (PAKs), Pak1p and Pak2p. Pak1p is essential 
for polarized growth and cell morphology, while Pak2p seems to function in other 
process (Marcus et al., 1995; Ottilie et al., 1995; Sells et al., 1998; Yang et al., 
1998). In a pak1 temperature sensitive allele, orb2-36, cells grow in a monopolar 
manner at the permissive temperature while the morphology becomes spherical at 
the restrictive temperature (Verde et al., 1995; Verde et al., 1998). Pak1p might 
control Arp2/3p mediated actin polymerization through Myo1p (Lechler et al., 
2000). However, the precise molecular mechanistic relationship between 
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Cdc42p/Pak1p and the actin cytoskeleton awaits further characterization. 
Interestingly, the observation that Tea1p is phosphorylated by Pak1p suggests that 
Pak1p regulate cell polarity through multiple downstream components. (Kim et al., 
2003) 
Recently, a novel morphogenesis network associated with polarized cell 
growth and cell cycle control has been established in fission yeast. This network 
includes the nuclear Dbf2-related (Ndr) serine/threonine protein kinase Orb6p, the 
Mob1 family protein Mob2p, the Furry-like protein Mor2p, the germinal center 
kinase (GCK) Orb3p/Nak1p and the Mo25 family protein Pmo25p (Verde et al., 
1998; Hirata et al., 2002; Hou et al., 2003; Huang et al., 2003; Kanai et al., 2005; 
Leonhard and Nurse, 2005; Mendoza et al., 2005). Orb6p coordinates cell 
morphogenesis and cell cycle progression and appears to be the most downstream 
component in this network (Verde et al., 1998; Hirata et al., 2002; Kanai et al., 
2005). Furthermore, Orb6p forms a complex with Mob2p and its localization is 
regulated by Mor2p (Hou et al., 2003; Hirata et al., 2002). Recent studies have 
shown that Pmo25p together with Orb3p/Nak1p control the kinase activity of the 
Orb6p/Mob2p complex (Kanai et al., 2005). Although all these proteins localize to 
the growing sites, as is consistent with their roles in polarized cell growth, 
Orb3p/Nak1p and Pmo25p also localize to the spindle pole body (SPB) (Kanai et 
al., 2005; Leonhard and Nurse, 2005; Mendoza et al., 2005). It has been shown 
that both the SPB localization of Pmo25p and the kinase activities of 
Orb3p/Nak1p and Orb6p require Cdc7p and Sid1p kinases, which also function in 
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the septation initiation network (SIN) (discussed in more detail in 1.4.6., Kanai et 
al., 2005). This raises a potential link between the SIN pathway for cell separation 
and the signaling network for cell morphogenesis (Kanai et al., 2005). 
 
1.3 Overview of cytokinesis 
Cytokinesis is the final stage of cell division cycle during which the cytoplasm 
is divided through the formation of a barrier, leading to generation of two daughter 
cells from a single mother cell. Occurring at the end of mitosis, cytokinesis is 
essential for proper segregation of genetic material into two daughter cells. Over 
the last decade, significant progress has been made in understanding the basic 
principles as well as the molecular mechanisms that operate to control cytokinesis 
(Balasubramanian et al., 2004; Glotzer, 2005; Eggert et al., 2006). In general, 
animal and fugal cells use an actomyosin-based contractile ring to guide 
centripetal membrane and cell wall deposition during cytokinesis 
(Balasubramanian et al., 2004). By contrast, higher plants form a cell plate with 
the centrifugal expansion of a new cell wall through vesicle fusion (Jurgens, 
2005). 
 
1.3.1 Cytokinesis in budding yeast 
The budding yeast S. cerevisiae divides asymmetrically at the position of a 
narrow bud neck, to generate a mother and a daughter cell with distinct sizes 
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(Balasubramanian et al., 2004). The location of the bud neck is selected early in 
the cell cycle prior to spindle formation, and is controlled by a small GTPase 
pathway and a set of landmark proteins produced in the previous cell cycle 
(Drubin and Nelson, 1996; Park and Bi, 2007). Assembly of the cytokinesis 
machinery at the bud neck relies on two redundant pathways, one of which is 
largely dependent on an actomyosin based contractile ring (Bi et al., 1998; 
Lippincott and Li, 1998). The functional actomyosin ring is formed through a 
sequential process in which the type II myosin Myo1p arrives at the bud neck at 
the G1/S transition, followed by a number of proteins conserved among 
eukaryotic organisms; F-actin is then recruited in late anaphase (Lippincott and Li, 
1998a; Lippincott and Li, 1998b; Lippincott and Li, 2000; Shannon and Li, 2000; 
Tolliday et al., 2003; Vallen et al., 2000; Bi et al., 1998; Bi, 2001; Luo et al., 
2004). Contraction of the actomyosin ring is coupled with the process of septum 
deposition, though in cells lacking an actomyosin ring, secretion of septum alone 
is able to promote cytokinesis through an actomyosin ring-independent 
mechanism (Korinek et al., 2000; Vallen et al., 2000; Balasubramanian et al., 
2004). Cytokinesis in S. cerevisiae requires the proper organization of septin 
filaments, which function to localize components of the actomyosin ring and the 
septum, and act as a diffusion barrier to restrict the lateral movement of proteins 
within different membrane domains (Longtine and Bi, 2003; Dobbelaere and 
Barral, 2004). Coordination of cytokinesis with the nuclear cycle is controlled by 
cell cycle regulators, such as the mitotic exit network (MEN) and the polo-like 
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kinase Cdc5p (Rauter and Barral, 2006). MEN components, including Cdc15p and 
Mob1p/Dbf2p, might function to activate the contraction of the actomyosin ring 
through unidentified mechanisms, whereas Cdc5p triggers the assembly of the 
actomyosin ring by stimulating Rho1p activity at the bud neck (Menssen et al., 
2001; Luca et al., 2001; Yoshida et al., 2006). Furthermore, the onset of 
cytokinesis is also controlled by the Nocut pathway that monitors the completion 
of chromosome segregation through the aurora kinase Ipl1p (Norden et al., 2006). 
 
1.3.2 Cytokinesis in animal cells 
During the division of animal cells, a contractile ring is built underlying the 
plasma membrane at the onset of anaphase, which creates a cleavage furrow at the 
medial site of the mitotic spindle, and partitions the cytoplasm (Balasubramanian 
et al., 2004; Glotzer, 2005; Eggert et al., 2006). Two parts of the mitotic apparatus 
are involved in the positioning of the cleavage furrow, the asters and the spindle 
midzone. A number of studies have shown that a negative signal from the asters 
(polar relaxation) and a positive signal from the spindle midzone (equatorial 
stimulation) are delivered from the microtubules to the cell cortex (Eggert et al., 
2006). Further analysis of aster- and midzone-positioning cytokinesis in C. 
elegans embryos suggests that the asters and the spindle midzone provide two 
consecutive signals that position the cleavage furrow (Bringmann, 2008). 
Assembly of the actomyosin ring is dependent on a small GTPase, RhoA, which 
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regulates both formin-mediated actin polymerization and 
phosphorylation-dependent myosin II activation (Werner and Glotzer, 2008). 
Local activation of RhoA at the equatorial region is mediated by the interaction 
between a guanine nucleotide exchange factor, ECT2, and the centralspindlin 
complex (Pavicic-Kaltenbrunner et al., 2007). This interaction is promoted by the 
Polo-like kinase 1 Plk1, which is localized to the spindle midzone through the 
microtubule associated protein PRC1 (Burkard et al., 2007; Petronczki et al., 
2007). Contraction of the actomyosin ring and ingression of the cleavage furrow 
at the equatorial region leads to separation of cytoplasm into two daughter cells, 
and a cytoplasmic bridge or midbody is formed between these two daughter cells 
at the end of cytokinesis (Otegui et al., 2005). Midbody abscission is acquired 
through targeted secretion, which is in turn mediated by Septins, the exocyst and 
SNARE complexes (Otegui et al., 2005; Eggert et al., 2006). 
 
1.3.3 Cytokinesis in higher plants 
In higher plants, cells divide by the de novo formation of the cytokinetic 
organelle known as the cell plate, which extends from the center to the periphery 
at the division plane (Jurgens, 2005a; 2005b). It is thought that two specialized 
cytoskeletal arrays, the preprophase band and the phragmoplast, play critical roles 
for plant cytokinesis (Lloyd and Hussey, 2001). The preprophase band is a cortical 
microtubule band that predicts the future division site where the growing cell plate 
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will fuse with the mother cell wall, and is formed during G2 and disassembles by 
metaphase (Van Damme et al., 2007). The phragmoplast is formed from the 
remnants of the mitotic spindle at the cell center during late anaphase, and 
function to guide the delivery of membrane vesicles to the division plane (Otegui 
et al., 2005). Dynamic organization of the phragmoplast is dependent on the 
microtubules, microtubule-associated proteins and kinesin-related motors, all of 
which drive the lateral expansion of the cell plate by delivering vesicles to the 
margin of the growing cell plate (Otegui et al., 2005). Membrane fusion during 
plate initiation and expansion requires the SNARE proteins, including a 
plant-specific syntaxin (Muller et al., 2003). Cytokinesis is tightly coupled with 
mitosis in higher plants due to control that ensures the expression of cytokinetic 
proteins in a cell-cycle dependent manner (Jurgens, 2005a). 
 
1.4 Cytokinesis in fission yeast 
1.4.1 Introduction 
Schizosaccharomyces pombe divides through the use of an actomyosin based 
contractile ring (Balasubramanian et al., 2004). Assembly and constriction of the 
actomyosin ring are regulated in a cell cycle-dependent manner. Upon entry into 
mitosis, F-actin patches disappear from the cell ends, and the actomyosin ring 
assembles at the medial region of the cell. After segregation of two sets of 
daughter chromosomes and disassembly of the mitotic spindle, the actomyosin 
ring constricts at the end of anaphase. The primary septum is deposited in a 
 23 
centripetal manner and follows the constricting actomyosin ring. Subsequently, 
secondary septa are assembled on either side of the primary septum. At the last 
stage of cytokinesis, degradation of the primary septum leads to physical 
separation of two daughter cells.  
Begining with Paul Nurse’s pioneering work on the identification of cell 
division cycle mutants, several screens have been done to isolate mutations that 
specifically affect cytokinesis (Nurse et al., 1976; Chang et al., 1996; 
Balasubramanian et al., 1998). Characterization of these mutants has led to the 
discovery of more than 20 proteins involved in different steps of cytokinesis in 
fission yeast (Balasubramanian et al., 2004). Recent live cell imaging analyses 
have further advanced the understanding of the roles of these proteins in spatial 
and temporal regulation of cytokinesis (Wu et al., 2003; Wu and Pollard, 2005; 
Wu et al., 2006; Pollard, 2008; Vavylonis et al., 2008). The key steps for 
cytokinesis include selection of the division site, assembly of the actomyosin ring, 
contraction of the actomyosin ring, coordination between mitotic exit and 
cytokinesis, deposition of new membranes and the division septum and cell 
separation (Balasubramanian et al., 2004). Molecular understanding of these key 
steps in fission yeast has provided an excellent framework for the understanding 
of cytokinesis in other organisms as well. 
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1.4.2 Positioning of the division plane 
In fission yeast, cytokinesis occurs in the middle of the cell, and symmetric 
division of the mother cell produces two daughter cells of equal size. To achieve 
this, cells assemble an actomyosin ring and subsequently a division septum at the 
medial position, perpendicular to the long axis of the cell (Wang et al., 2003). 
Both genetic screens for mutants defective in division site placement and live 
imaging analysis of microtubule dynamics in wild type cells have provided 
insights into the mechanisms involved in positioning the actomyosin ring (Chang 
et al., 1996; Sohrmann et al., 1996; Chang, 2001; Tran et al., 2001). 
The position of the actomyosin ring appears to be determined by the position 
of the interphase nucleus, which is normally placed at the center of interphase 
cells (Tran et al., 2001). In early mitosis, movement of the nucleus from the cell 
center by centrifugation leads to assembly of the actomyosin ring away from the 
middle, suggesting that the nucleus actively affects the site of actomyosin ring 
assembly (Daga and Chang, 2005). Characterization of microtubule dynamics has 
revealed that the nucleus is positioned in the middle by the pushing force 
generated by plus end microtubule polymerization (Tran et al., 2001). Moreover, 
this force is able to push the nucleus back to the center after the nucleus is 
displaced by cell centrifugation (Daga et al., 2006). Consistently, mutants 
defective in microtubule organization often display mislocalized nuclei and 
misplaced septa (Zimmerman et al., 2004). Dynamic microtubules therefore keep 
the nucleus at the center of the cell in interphase, leads to medial positioning of 
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the potential division site.  
The molecular link between the nuclear position and the division site has been 
established through genetic analysis of three mutants: mid1, plo1 and pom1 
(Ohkura et al., 1995; Chang et al., 1996; Sohrmann et al., 1996; Bahler and 
Pringle, 1998; Bahler et al., 1998a). In all three mutants, the actomyosin ring is 
misplaced, whereas the nucleus is positioned properly. Mid1p, an anillin related 
protein, is a critical component for positioning the actomyosin ring (Chang et al., 
1996; Sohrmann et al., 1996; Chang, 2001). In interphase cells, Mid1p is largely 
localized to the nucleus. Upon entry into mitosis, Mid1p shuttles out of the 
nucleus and assembles into a cortical band structure overlying the nucleus, which 
later compacts into the ring. Finally, Mid1p disappears from the ring and shuttles 
into the nucleus when the actomyosin ring begins to constrict. Functional 
characterization of different regions of Mid1p protein indicates that nuclear export 
of Mid1p is essential for its function (Paoletti and Chang, 2000). The export of 
Mid1p from the nucleus upon mitotic entry is dependent on the phosphorylation of 
Mid1p by Polo-like kinase Plo1p (Bahler et al., 1998a). Plo1p localizes to the 
spindle pole body and metaphase spindle as well as the actomyosin ring (Ohkura 
et al., 1995). It remains unclear how Plo1p regulates Mid1p and likely other 
unidentified targets to position the division site. Pom1p, a DYRK kinase, localizes 
to the division site as well as to cell tips and is important for the proper placement 
of cell division plane (Bahler and Pringle, 1998). Interestingly, in pom1∆ mutants, 
Mid1p is localized to the nongrowing end of the cell instead of the medial region, 
 26 
suggesting that Pom1p functions to keep Mid1p away from the nongrowing cell 
end and thus promote assembly of cell division apparatus in the middle of the cell 
(Celton-Morizur et al., 2006; Padte et al., 2006).  
Recently, careful analysis of the phenotype of mid1-18 mutants has led to a 
novel discovery that positioning of the division plane in fission yeast is regulated 
by both the stimulatory and inhibitory mechanisms (Huang et al., 2007). A 
Mid1p-dependent pathway acts as a stimulatory mechanism for the establishment 
of the division plane at the cell middle, while the tip-localized polarity 
determinants Tea1p, Tea4p and Pom1p function to prevent the division septum 
assembly at the cell ends (Huang et al., 2007). This dual regulation of the division 
site selection ensures the fidelity and robustness of cytokinesis under various 
physiological conditions.  
The physical interaction between Mid1p and the type II myosin heavy chain 
Myo2p provided direct evidence for how Mid1p contributes to the formation of 
the actomyosin ring (Motegi et al., 2004). Tight association of Mid1p at the cell 
cortex is consistent with its potential scaffolding property, through which several 
other components of the actomyosin ring are recruited to the cell middle (Motegi 
et al., 2004). A recent report has also revealed that Mid1p associates with the 
Cdc14 protein phosphatase Clp1p (also called Flp1p), and as a result enhances the 
integrity of the actomyosin ring (Clifford et al., 2008).  
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1.4.3 Assembly of the actomyosin ring 
Determination of the site of cell division is followed by the assembly of the 
actomyosin ring, which is composed of actin filaments, the type II myosin and 
more than 20 associated proteins (Wu et al., 2003; Balasubramanian et al., 2004). 
These proteins include profilin Cdc3p, myosin essential light chain Cdc4p, 
tropomyosin Cdc8p, formin Cdc12p, IQGAP Rng2p, UCS-domain protein Rng3p, 
PCH domain protein Cdc15p, and type II myosin heavy chain Myo2p 
(Balasubramanian et al., 1992; Balasubramanian et al., 1994; Fankhauser et al., 
1995; McCollum et al., 1995; Chang et al., 1997; Kitayama et al., 1997; Eng et al., 
1998; Wong et al., 2000). Loss of function of these essential genes leads to 
cytokinesis failure and the accumulation of multiple nuclei. Other studies have 
also identified a number of proteins that are not essential for the assembly of the 
actomyosin ring, but become essential under specific conditions. These proteins 
include the unconventional myosin heavy chain Myp2p, regulatory light chain 
Rlc1p, α-actinin Ain1p, fimbrin Fim1p, and Cdc15-like protein Imp2p (Bezanilla 
et al., 1997; Motegi et al., 1997; Demeter and Sazer, 1998; Le Goff et al., 2000; 
Naqvi et al., 2000; Wu et al., 2001). It is possible that all these proteins cooperate 
to regulate actomyosin ring assembly together. 
Observation of actomyosin ring assembly in live cells using a large set of GFP 
fused cytokinetic proteins has revealed a sequential order of events in the 
formation of the actomysin ring (Wu et al., 2003). Three different stages of 
actomyosin ring assembly have been defined. In the first stage, Mid1p forms a 
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broad equatorial band at the cell cortex in G2, to which type II myosin (Myo2p, 
Rlc1p and Cdc4p), Rng2p, Cdc15p and Cdc12p are recruited during the G2/M 
transition. In the second stage, actin polymerization occurs and, upon the 
recruitment of tropomyosin Cdc8p and Ain1p, the broad band condenses into a 
sharp contractile ring. In the final stage, the compact actomyosin ring maintains its 
diameter and matures by incorporating other components such as Myp2p.  
In the past few years, much effort has been focused on deciphering the precise 
spatial dynamics of actomyosin ring assembly in fission yeast. Two popular 
models could explain how the actomyosin ring is formed (Mishra and Oliferenko, 
2008). In the first model, assembly of the actomyosin ring is initiated from a 
single spot-like structure at the cell cortex. Elongation of a leading F-actin cable 
from the spot generates a network with bidirectional cables, which are reorganized 
into a compact ring through sliding of the actin filaments (Arai and Mabuchi, 
2002; Kamasaki et al., 2007). Consistent with this hypothesis, the proteins Myo2p, 
Cdc15p and Cdc12p are localized to the spot even in interphase cells, which 
serves as a progenitor for assembly of a proper actomyosin ring (Chang, 1999; 
Wong et al., 2002; Carnahan and Gould, 2003). In the second model, assembly of 
the actomyosin ring starts from a number of Mid1p nodes organized around the 
medial cortex (Wu et al., 2006). These Mid1p nodes mature by recruiting 
conventional myosin II, the formin Cdc12p, the IQGAP protein Rng2p and the 
PCH-domain protein Cdc15p (Wu et al., 2006). Lateral compaction of these 
membrane-associated nodes leads to the formation of a tight actomyosin ring 
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structure (Wu et al., 2006). It has been proposed that a search-capture mechanism 
is involved in this process, based on the analysis of node motions and numerical 
simulations (Vavylonis et al., 2008). 
 
1.4.4 Actomyosin ring constriction, membrane assembly and septum 
deposition 
As the mature actomyosin ring begins to contract at the end of anaphase, the 
addition of membrane material and the assembly of a division septum occur. In 
fission yeast, cells are unable to form a septum without formation and contraction 
of the actomyosin ring. On the other hand, assembly of a division septum is also 
required for actomyosin ring constriction. For instance, a mutant defective in the 
cell wall synthesizing enzyme cps1 is unable to contract the actomyosin ring (Le 
Goff et al., 1999; Liu et al., 1999; Liu et al., 2002). Furthermore, cells treated with 
the vesicle transport inhibitor Brefeldin A are defective in septum formation as 
well as actomyosin ring constriction, suggesting that membrane secretion is 
essential for ring constriction (Liu et al., 2002). In addition, sterol-rich membrane 
domains have also been detected in the division site, and they are crucial for 
actomyosin ring anchoring as well as septum assembly (Wachtler et al., 2003). It 
has been reported that the secretory apparatus, including the early secretory 
compartments and the multiprotein exocyst complex, is redirected to the division 
site during cytokinesis (Vjestica et al., 2008; Wang et al., 2002). These 
observations suggest that active membrane trafficking events are coupled with the 
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constriction of the actomyosin ring at the division site. 
The division septum of S. pombe cells is a three-layered structure with a 
central primary septum and two flanking secondary septa on both sides (Ishiguro, 
1998). Like other parts of cell wall, the septum is mainly composed of β-glucan 
and α-glucan, and its synthesis is dependent on the glucan synthase Bgs1p/Cps1p, 
Bgs3p, Bgs4p and the regulator Rho1p (Le Goff et al., 1999; Liu et al., 1999; 
Martin et al., 2003; Cortes et al., 2005). Consistently, inactivation of these 
proteins leads to defects in cytokinesis as well, in addition to polarized cell growth. 
It is possible that local activation of Rho1p stimulates the glucan synthase activity 
and glucan synthesis at the division site. 
 
1.4.5 Cell separation 
Cleavage of the primary septum at the final step of cytokinesis leads to 
physical cell separation. Enzymes responsible for degradation of the primary 
septum are the 1,3-α-glucanase Agn1p and the 1,3-β-glucanase Eng1p, which 
both localize to the septum during septation (Berlin et al., 2003; Martin-Cuadrado 
et al., 2003; Tasto et al., 2003; An et al., 2004; Dekker et al., 2004; Garcia et al., 
2005; Martin-Cuadrado et al., 2005). Delivery of the enzymes to the correct site 
requires septins, the annlin-related protein Mid2p, and the exocyst complex 
(Berlin et al., 2003; Tasto et al., 2003; An et al., 2004; Martin-Cuadrado et al., 
2005).  Furthermore, cell separation-related genes appear to be regulated by a 
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general transcriptional machinery, which includes a fork-head-type DNA binding 
domain containing protein Sep1p, and a Zinc-finger transcription factor Ace2p 
(Bahler, 2005). 
 
1.4.6 Regulation of cytokinesis 
To ensure the genetic material segregates properly into two daughter cells 
during cytokinesis, the processes of ring assembly and constriction, membrane 
assembly, and septum formation need to be tightly regulated (Balasubramanian et 
al., 2004). Constriction of the actomyosin ring occurs at the end of anaphase when 
the activity of Cdk1p-Cyclin-B is low, and the activity of the septation initiation 
network (SIN) is high (Krapp et al., 2004). High levels of Cdk1p-Cyclin-B 
activity prevent premature constriction before the metaphase-anaphase transition 
(Wolfe and Gould, 2005). However, how the actomyosin ring is maintained in an 
unconstricted state during anaphase A and B remains poorly understood. 
The SIN is a GTPase-driven protein kinase cascade associated with the spindle 
pole body. Components and regulators of the SIN localize to the SPB via two 
scaffold proteins, Sid4p and Cdc11p (Chang and Gould, 2000; Guertin et al., 2000; 
Krapp et al., 2001; Tomlin et al., 2002; Morrell et al., 2004). The recent 
characterization of a novel SPB component, Pcp89p, as an interacting partner of 
Sid4p/Cdc11p provides a direct link between the SIN and the core of the SPB 
(Rosenberg et al., 2006). 
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The SIN signal transduction pathway regulates cytokinesis by triggering the 
onset of ring constriction and septum formation (Krapp et al., 2004; Wolfe and 
Gould, 2005). In SIN mutants, cells assemble an actomyosin ring, but fail to 
initiate ring constriction and eventually become multinucleated due to multiple 
rounds of nuclear division unaccompanied by septum deposition. In contrast, 
hyper-activation of SIN signaling leads to formation of multiple rings and septa. 
SIN signaling is thought to be determined by the nucleotide status of the small 
GTPase, Spg1p (Schmidt et al., 1997). In interphase cells, Spg1p is kept in a 
GDP-bound inactive form by a two-component GTPase activating protein (GAP) 
complex composed of Cdc16p and Byr4p (Furge et al., 1998). Upon entry into 
mitosis Spg1p accumulates in a GTP-bound active form on both SPBs. In early 
anaphase B, the Spg1p on one SPB is converted to a GDP-bound form (Cerutti 
and Simanis, 1999). The active Spg1p recruits the protein kinase Cdc7p, which 
then activates the Sid1p-Cdc14p protein kinase complex (Sohrmann et al., 1998; 
Guertin et al., 2000). Subsequent activation of the Sid2p-Mob1p protein kinase 
complex is likely to be the most downstream event in this network (Sparks et al., 
1999; Hou et al., 2000; Hou et al., 2004). This signal transduction is spatially 
restricted to the SPB, but the activated Sid2p-Mob1p complex translocates from 
the SPB to the medial ring, where it triggers ring constriction and septum 
formation (Hou et al., 2000). A possible target of SIN signaling is the glucan 
synthase Cps1p (Liu et al., 1999). Cps1p localizes to the actomyosin ring in a 
SIN-dependent manner and is required for the constriction of the actomyosin ring 
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and formation of the division septum (Liu et al., 2002). The SIN signaling cascade 
appears to be a linear pathway based on hierarchical localization dependency 
studies. However, the biochemical evidence supporting this proposed order of 
events is still lacking. 
Inactivation of the Cdk1p-Cyclin-B is required for activation of SIN pathway. 
Furthermore, SIN is also regulated by Polo-like kinase Plo1p (Ohkura et al., 1995). 
Deletion of plo1 gives rise to a SIN-phenotype, and overexpression of plo1 
induces cell septation in interphase (Ohkura et al., 1995; Mulvihill et al., 1999; 
Tanaka et al., 2001). Plo1p may function upstream of the SIN, since 
hyper-activation of the SIN gives rise to septation in the absence of plo1 (Tanaka 
et al., 2001). Consistently, Plo1p localizes to the SPB, and it is possible that 
SPB-associated Plo1p could phosphorylate components of the SIN pathway 
(Mulvihill et al., 1999). 
Constitutive activation of SIN signaling is sufficient for further rounds of ring 
assembly and septum formation, and thus it is not surprising that cells have 
evolved a mechanism to keep SIN inactive. Previous studies have identified a 
number of genes which are considered to be negative regulators of SIN signaling. 
Dma1p, a spindle checkpoint protein, was identified as a multicopy inhibitor of 
SIN signaling (Murone and Simanis, 1996; Guertin et al., 2002b). Deletion of 
dma1 allows premature activation of SIN signaling. Conversely, increased 
expression of dma1 reduces SIN signaling, an effect that is likely to be mediated 
through its interaction with Plo1p (Guertin et al., 2002b). In addition, genetic 
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studies have implicated a RNA-binding domain protein Scw1p, and a 
Zinc-finger-containing protein Zfs1p as possible negative regulators of SIN 
signaling, since their loss-of-function mutations rescue SIN mutants (Beltraminelli 
et al., 1999; Karagiannis et al., 2002; Jin and McCollum, 2003). A recent study 
has shown that an inhibitor of SIN signaling, a tetratricopeptide repeat (TPR) 
family protein Nuc2p, functions to shut off SIN signaling upon completion of ring 
constriction by an unidentified molecular mechanism (Kumada et al., 1995; Chew 
and Balasubramanian, 2008).  
In fission yeast, a second level of regulation prevents cytokinesis failure when 
challenged under specific conditions. Such regulation is termed the cytokinesis 
checkpoint, and is dependent on Clp1p and SIN signaling (Mishra et al., 2004). 
Evidence for the existence of a cytokinesis checkpoint has been revealed through 
the characterization of the cps1 loss-of-function mutant, in which cells arrest with 
a stable actomyosin ring and two interphase nuclei (Le Goff et al., 1999; Liu et al., 
1999; Liu et al., 2000b). When cytokinesis is delayed or blocked, the checkpoint 
prevents further progression of the nuclear division cycle in a SIN, Wee1p, and 
Clp1p dependent manner (Le Goff et al., 1999; Liu et al., 1999; Liu et al., 2000b; 
Cueille et al., 2001; Trautmann et al., 2001).  
Clp1p localizes to the nucleolus and SPBs throughout the interphase. In early 
mitosis Clp1p disperses throughout the nucleus and the cytoplasm, but later 
becomes concentrated at the mitotic spindle and the actomyosin ring. At the end of 
cytokinesis Clp1p relocalizes back to the nucleolus (Cueille et al., 2001; 
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Trautmann et al., 2001). Upon cytokinesis checkpoint activation, the SIN 
components Cdc7p and Sid1p are continuously present at the SPB and Clp1p is 
retained in the cytoplasm. Such localization suggests that cells maintain an active 
SIN and functional Clp1p in the presence of the checkpoint signals, which might 
inhibit the Cdk1 activity and delay the cell cycle (Liu et al., 2000b; Mishra et al., 
2004). Cytoplasmic retention of Clp1p is critical for prolonging the duration of the 
SIN signaling (Mishra et al., 2005). On the other hand, SIN is necessary for the 
activation of Clp1p, and ectopic activation of SIN signaling can bypass the 
requirement of Clp1p in the checkpoint (Mishra et al., 2004; Mishra et al., 2005). 
Taken together, this suggests that Clp1p and SIN function in a positive feedback 
loop to maintain the integrity of the actomyosin ring upon perturbation of the 
cytokinesis machinery (Mishra et al., 2004; Mishra et al., 2005). 
 
1.5 Thesis objectives 
The objectives of my thesis can be summarized as follow:  
1. The establishment and maintenance of cylindrical cell morphology is of 
general interest in the field of fission yeast cell biology. From a small-scale 
localization screen, I have identified a novel membrane-associated protein, 
Pal1p, and subsequently found a Pal1p interacting partner, Sla2p. In this study, 
I am trying to determine their function in the regulation of cell morphogenesis 
in fission yeast. 
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2. Various cell morphologies in different types of cells play important roles in 
regulating cell growth and division. In fission yeast, although many cell 
morphology mutants have been identified, the importance of the cylindrical 
cell shape for cell division remains less understood. In this study, by 
monitoring the pattern of cell growth in a pal1∆ mutant strain, I am 
investigating how the altered cell shape affects cell division. 
3. Cytokinesis requires the assembly and contraction of actomyosin ring in both 
yeast and animal cells. Many components of the actomyosin ring have been 
identified through genetic and biochemical studies in the past few years. Most 
of these proteins function in the assembly of the actomyosin ring, and the 
signaling pathway triggering ring constriction. However, few studies have 
focused on the process of ring constriction, and this later step is also essential 
for robust and efficient cytokinesis. My study focuses on a paxillin-related 
protein, Pxl1p, a novel component of the actomyosin ring. In this study, I am 




2 CHAPTER II  MATERIALS AND METHODS 
 
2.1 Yeast strains, media and reagents 
2.1.1 Yeast strains 
S. pombe strains used in this study are listed in Table 2-1 (For Chapter III) and 
Table 2-2 (For Chapter IV).  
 
2.1.2 Media and growth conditions 
For vegetative growth, yeast cells were generally grown on rich medium (YES) 
or minimal medium (MM) with appropriate supplements as described by Moreno 
et al., 1991. Yeast extract peptone dextrose (YEPD) medium was used to induce 
mating of cells. MM lacking nitrogen source was used to arrest cells in G1. 
Mutants with cell wall defects were grown on MM and YES supplemented with 
1.2 M sorbitol. MM containing 2.5 uM thiamine was used for cell growth when 
nmt promoters needed to be repressed. 
Yeast cells were cultured at the temperature of 30 ºC if not otherwise stated. 
The temperature sensitive mutants were generally grown at the permissive 
temperature of 24 ºC and at 36 ºC to achieve restrictive conditions. The cold 
sensitive mutants were grown at 32 ºC and at a restrictive temperature of 18 ºC.  
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Table 2-1. List of yeast strains. 
Name Genotype Source 
MBY102 ade6-210 ura4-D18 leu1-32 h+ Lab collection 
MBY103 ade6-216 ura4-D18 leu1-32 h- Lab collection 
MBY169 wee1-50, leu1-32, h- Lab collection 
MBY192 ura4-D18 leu1-32 h- Lab collection 
MBY1186 sph2-3 ade3-58 h90 Matthias Sipiczki 
MBY1247 tea1::ura4+ rlc1-GFP::leu1+ leu1-32 
ura4-D18 ade6-210 h+ 
Lab collection 
MBY2204 pal1-GFP::ura4+ ura4-D18 leu1-32  h- This study 
MBY2211 pal1::ura4+ ura4-D18 leu1-32 h- This study 
MBY2219 pal1-GFP::ura4+ cdc25-22 This study 
MBY2220 pal1-GFP::ura4+ mid1∆::ura4+ This study 
MBY2233 pal1::ura4+, wee1-50, ura4-D18  This study 
MBY2237 pal1::ura4+ ade6-210, h+ This study 
MBY2238 pal1::ura4+ ade6-216, h- This study 
MBY2239 pal1::ura4+ ade6-216, h+  This study 
MBY2240 pal1-GFP::ura4+ h+ This study 
MBY2249 orb2-34 pal1-GFP::ura4+ This study 
MBY2250 orb3-167 pal1-GFP::ura4+ This study 
MBY2253 tea1::ura4+ pal1-GFP::ura4+ This study 
MBY2260 pal1::ura4+ tea1∆::ura4+ This study 
MBY2262 pal1::ura4+ expressing α-tubulin GFP 
plasmid (pCDL646) 
This study 
MBY2264 pal1::ura4+ tea1-YFP::Kanr This study 
MBY2327 sla2-GFP::ura4+ ura4-D18  leu1-32 h- This study 
MBY2335 orb6-25, wee1-50 This study 
MBY2336 nda3-KM311 pal1-GFP::ura4+ This study 
MBY2338 pal1-GFP::ura4+ ade6-210 leu1-32 
ura4-D18 h90 
This study 
MBY2354 pal1-13Myc::ura4+ ade6-210 ura4-D18 
leu1-32 h+ 
This study 
MBY2357 sla2-GFP::ura4+ pal1::ura4+ This study 
MBY2360 sla2-GFP::ura4+ pal1-13Myc::ura4+ This study 
MBY2451 sla2-13Myc::ura4+, ade6-210 ura4-D18 
leu1-32 h+ 
This study 
MBY2463 sla2-13Myc::ura4+, pal1-GFP::ura4+  This study 
MBY2524 sla2:: ura4+ h+ This study 
MBY2532 pal1-GFP::ura4+, sla2::ura4+ This study 
MBY2655 cdc13-YFP, pal1::ura4+  This study 
MBY2784 pTN-L1-sla2 plasmid in sla2:: ura4+ This study 
MBY2785 pTN-L1-pal1 plasmid in sla2:: ura4+ This study 
MBY2786 pTN-L1 plasmid in sla2:: ura4+ This study 
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Table 2-2. List of yeast strains. 
Name Genotype Source 
MBY102 ade6-M210 ura4-D18 leu1-32 h+ Lab collection 
MBY103 ade6-M216 ura4-D18 leu1-32 h- Lab collection 
MBY192 ura4-D18 leu1-32 h- Lab collection 
MBY664 rlc1-GFP::leu1+ leu1-32 ura4-D18 
ade6-M210 h+ 
Lab collection 
MBY977 clp1::ura4+ ura4-D18 leu1-32 ade6-M21X 
h+ 
Lab collection 
MBY3953 pxl1::ura4+ ura4-D18 leu1-32 ade6-M21X 
h+ 
This study 
MBY3958 pxl1::ura4+ ura4-D18 leu1-32 ade6-M21X 
h- 
This study 
MBY3967 rlc1-GFP::leu1+ pxl1::ura4+ h- This study 
MBY3989 clp1::ura4+ pxl1::ura4+ ura4-D18 leu1-32 This study 
MBY4010 pxl1-5Gly-GFP::ura4+ ade6-M210 
ura4-D18 leu1-32 h+ 
This study 
MBY4011 pxl1-5Gly-GFP::ura4+ ura4-D18 leu1-32 h- This study 
MBY4024 pxl1-5Gly-GFP::ura4+ sid4-GFP::KanR This study 
MBY4025 pxl1-5Gly-GFP::ura4+ nda3-KM311 
ura4-D18 
This study 
MBY4067 pxl1-5Gly-GFP::ura4+ cdc25-22 ura4-D18 This study 
MBY4108 pREP81 plasmid in pxl1::ura4+ This study 
MBY4109 pREP81-pxl1 plasmid in pxl1::ura4+ This study 
MBY4110 pREP81-pxl1-N plasmid in pxl1::ura4+ This study 
MBY4111 pREP81-pxl1-C plasmid in pxl1::ura4+ This study 
MBY4144 ace2::KanR ura4-D18 leu1-32 h- C.R. Vázquez de 
Aldana 
MBY4169 pREP81-GFP-pxl1 plasmid in pxl1::ura4+ This study 
MBY4170 pREP81-GFP-pxl1-N plasmid in pxl1::ura4+ This study 
MBY4171 pREP81-GFP-pxl1-C plasmid in pxl1::ura4+ This study 
MBY4173 pxl1-LIM::ura4+ leu1-32 ura4-D18 h- This study 
MBY4185 pxl1::ura4+ myp2::his7+ ura4-D18 leu1-32 
ade6-M21X 
This study 
MBY4215 pxl1::ura4+ rlc1-GFP::leu1+ 
cdc7-GFP::ura4+ 
This study 
MBY4293 pxl1::ura4+ cdc3-124 ura4-D18 ade6-M21X This study 
MBY4294 pxl1::ura4+ cdc8-110 ura4-D18 leu1-32 
ade6-M21X 
This study 
MBY4295 pxl1::ura4+ rng3-65 (FTS65) leu1-32 
ade6-M21X 
This study 
MBY4296 pxl1::ura4+ rng2-D5 (BC2) ura4-D18 
leu1-32 ade6-M21X 
This study 
MBY4297 pxl1::ura4+ cdc12-112 ura4-D18 leu1-32 This study 
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MBY4298 pxl1::ura4+ cdc15-140 ura4-D18 leu1-32 
ade6-M21X 
This study 
MBY4299 pxl1::ura4+ rlc1::ura4+ ura4-D18 leu1-32 
ade6-M21X 
This study 
MBY4638 pxl1-5Gly-GFP::ura4+ cdc15-140 This study 
MBY4639 pxl1-5Gly-GFP::ura4+ cdc3-124 This study 
MBY4662 clp1::ura4+ ace2::KanR This study 
MBY4907 rlc1-mCherry::ura4+ agn1-GFP::KanR 
pxl1::ura4+ 
This study 
MBY4908 rlc1-mCherry::ura4+ mid1-4GFP::leu+ 
mid1::ura4+ pxl1::ura4+ 
This study 
MBY4914 rlc1-mCherry::ura4+ spn1-GFP::KanR 
pxl1::ura4+ 
This study 
MBY5058 pxl1-5Gly-GFP::ura4+ myo2-E1 This study 
MBY5060 pxl1-5Gly-GFP::ura4+ rng2-D5 This study 
MBY5061 pxl1-5Gly-GFP::ura4+ cdc12-112 This study 
MBY5124 rlc1-GFP::leu1+ pxl1::ura4+ nda3-KM311 This study 
MBY5125 rlc1-GFP::leu1+ nda3-KM311 This study 
MBY176 cdc25-22 ura4-D18 h+ Lab collection 
MBY192 ura4-D18 leu1-32 h- Lab collection 
MBY1106 spn1-GFP::kanR leu1-32 ura4-D18 h+ J. Wu and J. Pringle 
MBY3979 spn1-GFP::KanR pxl1::ura4+ leu1-32 
ura4-D18 
This study 
MBY4130 mid2-GFP::kanR ade6-M210 ura4-D18 
leu1-32 h- 
K. Gould 
MBY4135 eng1-GFP::KanR ade6-M210 ura4-D18 
leu1-32 h-  
K. Gould 
MBY4136 agn1-GFP::KanR  ade6-M210 ura4-D18 
leu1-32 h- 
K. Gould 
MBY4152 mid2-GFP::KanR pxl1::ura4+ ura4-D18 
leu1-32 ade6-M21X 
This study 
MBY4153 eng1-GFP::KanR pxl1::ura4+ ura4-D18 
leu1-32 ade6-M21X 
This study 
MBY4154 agn1-GFP::KanR pxl1::ura4+ ura4-D18 
leu1-32 ade6-M21X 
This study 
MBY4362 13Myc-pxl1::ura4+ cdc25-22 This study 
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For genetic crosses, cells were incubated at the temperature of 26 ºC. 
For physiological experiments yeast liquid cultures were maintained in 
mid-exponential growth at an optical density (OD595) between 0.3 and 0.5. 
 
2.1.3 Drugs 
To disrupt F-actin or microtubules, cells were treated with either 15 µM of 
Latrunculin A (Molecular Probes, Eugene, OR, USA) or 8 µg/ml methyl 
1-(butylcarbomyl)-2- benzimidazolecarbamate (MBC) (Aldrich Chemical Co. 
Milwaukee, WI, USA). 100 ug/ml of Brefeldin A (B-7450; Molecular Probes) was 
used to block vesicle trafficking. 
 
2.2 Yeast classic genetics 
2.2.1 Genetic crosses 
To cross two strains with opposite mating types, h+ and h- cells were mixed 
together in a 1:1 ratio on a YEPD agar plate. Cells were then incubated for 2 to 3 
days and conjugation and sporulation were monitored under the light microscope. 
When conjugation was very poor, diploids were created by using strains with the 
markers, ade6-210 and ade6-216. These alleles complement intragenically and 
only diploids are Ade+, which were selected for on MM plates lacking adenine. 
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2.2.2 Tetrad analysis 
Asci from a two day old cross were placed in a line on a YES plate and 
incubated at 37 ºC for 2 hours to break down the asci walls. A Singer MSM-300 
dissection microscopy was used to micromanipulate each ascus to give rise to four 
spores. These spores were incubated until colonies formed at the appropriate 
temperature.  
 
2.2.3 Random spore analysis 
Random spore analysis was carried out when two genes were linked very 
closely or the mating efficiency was very low. Cells scraped from a three day old 
cross were resuspended in 1 ml of sterile water containing 10 µl glusulase. After 
incubating at 37 ºC overnight the spores were washed with 30% ethanol to destroy 
any vegetative cells. Finally, the spores were washed with the sterile water three 
times and reinoculated in liquid medium, or plated on an agar plate to allow spore 
germination. 
 
2.2.4 Construction of double mutants 
Double mutants were created from crosses of two single mutants by either 
random spore analysis or tetrad analysis. Replica plating was generally used for 
the selection of required phenotypes or nutritional markers. The double mutant 
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was chosen from the non-parental ditype (NPD) in tetrad analysis. 
 
2.3 Molecular cloning 
2.3.1 General methods 
Standard molecular cloning techniques were carried out as described by 
Sambrook et. al. (1989). The E. coli strain XL1-blue was used for plasmid 
propagation and recovery.  
 
2.3.2 PCR 
PCR amplification was performed using a Perkin Elmer thermocycler. A 
standard PCR reaction was set up as following (50 ul): Template: 1 ul, Primer 1 
(10 um): 2ul, Primer 2 (10 um): 2 ul, dNTP (10 mM): 1 ul, 10XTaq polymerase 
buffer: 5 ul, Taq polymerase: 1ul, H2O: 38 ul. The standard PCR program was 
used as following: 94 °C: 1 min, 94 °C: 10 sec, 55 °C: 30 sec, 72 °C: 1 min (per 
kb), 30 cycles from step 2 to 4, 72 °C: 10 min. 
 
2.3.3 Plasmid DNA extraction, purification of PCR products, restriction 
enzyme digestion and DNA ligation 
Extraction of plasmid DNA from bacteria was done using Qiagen kit (27906), 
and purification of PCR products was performed using Qiagen kit (28706). 
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Restriction endonucleases were purchased from Roche and New England Biolabs, 
and the T4 ligase was also from Roche. 
 
2.3.4 E. coli transformation and growth 
E. coli transformation was done by the electroporation method using Biorad 
Micro-Pulser (165-2100). E. coli cells were grown in the Luria Bertani medium 
supplemented with 100 ug/ml ampicillin or 50 ug/ml kanamycin when necessary. 
 
2.3.5 Primers and plasmids 
All primers used in this thesis are listed in Table 2-3., and the plasmids are 
listed in Table 2-4.. 
 
2.4 Yeast molecular genetics 
2.4.1 Yeast transformation 
Yeast transformation was done by the lithium acetate method (Okazaki et al., 
1990). Cells were grown in 20 ml YES medium overnight to OD595=0.5. After 
centrifugation, cell pellets were washed with equal volume of water and resuspend 
in 1 ml water in a 1.5 ml Eppendorf tube. Then, cells were washed with 1 ml 
LiAc/TE buffer and resuspended in 100 ul LiAc/TE buffer. 10 ul DNA fragments 
(10-20 ug, for the plasmid DNA, 1 ug) and 2 ul carrier DNA (10 mg/ml SSD) 
 45 
were added in to 100 ul cells. The tube was incubated at room temperature for 10 
minutes. 240 ul PEG/LiAc/TE solutions were added. Cells suspension was gently 
mixed and incubated at 30 °C for 30-60 minutes. 43 ul DMSO were added and the 
mixture was heated at 42 °C for 5 minutes. Cells were then washed with 1 ml 
water and resuspended in 0.5 ml water to plate onto two selective plates. For 
kanamysin selection, transformed cells were plated onto YES plates without 
selection and allowed to grow overnight (18 hours). The cells were then replica 
onto YES plates contraining 100 ug/ml G-418.  
LiAc/TE: Make 10 times dilution from stocks of 10X LiAc (1 M LiAc, pH7.5) 
and 10X TE (0.1 M Tris-Hcl, 0.01 M EDTA, pH7.5) solutions. 
PEG/LiAc/TE: Make 10 times dilution from stocks of 50% PEG 4000, 10X 
LiAc and 10XTE. For 10 ml solution, take 1 ml 10X LiAc, 1 ml 10XTE and 8 ml 
50% PEG.. 
 
2.4.2 Yeast genomic DNA purification and plasmid DNA recovery 
To isolate genomic or plasmid DNA, yeast cells were treated with Zymolyase 
to disrupt the cell wall. The lysate was extracted with buffers containing 
Proteinase K, and then potassium acetate was added to precipitate proteins. After 
centrifugation, the supernatant was recovered and DNA was precipitated with 
isopropanol and resuspended in TE buffer. 
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Table 2-3. List of primers. 
 
Name Sequence (5’-3’) 
MOH1532 CGGGGTACCTTATTGCAGCTCTTTATATC 
MOH1533  CCGCTCGAGCCCGTATTGCACCCAAACGATAC 




MOH1688  GCTCTAGATTAAGTCTTTTCGATCC 
MOH1689  CGAGCTCTCCACCCCGACGGTTTCATTC 
MOH1466 CGGGGTACCTAATCTGCGGAGGCATTAGCCGAACG 
MOH1467 TCCCCCGGGCGACTTTTTGTGGAATAATCGTC 
MOH1564  CGGGGTACCTAATCCGTCAACACAAGAAAAATGGATG 
MOH1565 TCCCCCGGGCTCTTCGGCAACATGATAAGATG 















MOH2614  CGGCATATGCATTCACCAATTCCAG 
MOH2615  CGCGGATCCTTAATCCAAATTAAACTTG 
MOH2616 CGCGGATCCTTATTCAGAATTGCCTCTATAAAG 
MOH2617  CGGCATATGAAATCCTGTCATAGTTGCG 
MOH2619  CGCTGCAGACTTTTGCTTCTAACAAATC 
MOH2620  CGACTAGTTTGCTGATATGCTTCTCAAC 
MOH2623  CGTCTAGAATGCATTCACCAATTCCAG 








Table 2-4. List of plasmids. 
 
Name Descriptions 
pCDL126 HindIII-HindIII ura4+ fragment in the HindIII site of pSK(+) 
pCDL863 pSK(+) pal1(SPCP1E11.04c) 5’UTR 835bp+Ura4+pal1 3’UTR 
761bp (Kpn1-Xho1-Xba1-Sac1) 
pCDL932 pSK(+) sla2 (SPAC688.11) 5’UTR 874bp+Ura4+ 3’UTR 887bp 
(Kpn1-Xho1-Xba1-Sac1) 
pCDL916 pJK210-sla2-GFP (KpnI-SmaI-BamHI) sla2 c terminal 800bp , 
linearised with PacI 
pCDL856 pJK210-pal1-3’-GFP (KpnI-SmaI-BamHI) pal1 C-terminal 
1041bp 
pCDL919 PJK210-pal1-13Myc (Kpn1-BamH), linearised with SalI 
pCDL931 pJK210-sla2-13Myc (KpnI-BamHI), linearised with PmlI 
pCDL1162 pJK210-pxl1 (SPBC4F6.12) frament-TAA (from g181 to g821 
with XhoI and XbaI), linearised with EcoRI 
pCDL1139 pJK210-pxl1 C-833bp-5 Gly-GFP, linearised with AflII 
pCDL1269 pJK210-rlc1-mCherry (MOH461 and MOH462 to amplify rlc1, 
subclone into KpnI/SmaI site), linearised with BamHI partially 
pCDL1207 pJK210-linker-mCherry 
pCDL1183 pREP81-GFP-pxl1 cDNA (GFP at NdeI site) 
pCDL1184 pREP81-GFP-pxl1 N-cDNA (GFP at NdeI site) 
pCDL1185 pREP81-GFP-pxl1 C-cDNA (GFP at NdeI site) 
pCDL1160 pSK-ura4-pxl1 promoter (MOH2619 and 2620 PCR fragment 
with PstI and SpeI site) 
pCDL1161 pSK-ura4-pxl1 promoter-N terminal of pxl1 (MOH2623 and 
2624 PCR fragment with XbaI and NotI site) 
pCDL1169 pSK-5’UTR of pxl1-ura4-pxl1 promoter-N terminal of pxl1 
(MOH2625 and MOH2626 PCR fragment with KpnI and XhoI 
site ) 
pCDL1198 pSK-5’UTR of pxl1-ura4-pxl1 promoter-13Myc-N terminal of 





2.4.3 Yeast colony PCR 
Colony PCR was used to check gene integration or knock out. Briefly, a fresh 
colony was picked and resuspended in water. The sample was boiled for 10 mins, 
and PCR reaction mix was added. 
 
2.4.4 Gene deletion and epitope-tagging 
To create the pal1::ura4+ disruption cassette, a 0.7 kb KpnI/XhoI fragment 
representing the 5’UTR of the pal1 open reading frame was obtained by PCR 
from genomic DNA using the primers MOH1532 and MOH1533, and cloned into 
KpnI/XhoI sites of the pCDL126 vector (contains ura4+ in pBSK+ plasmid). A 
0.7 kb XbaI/SacI fragment representing the 3’UTR of pal1 was also obtained by 
PCR using the primers MOH1534 and MOH1535, and cloned into the modified 
plasmid containing the 5’ UTR and the marker gene ura4+, to generate pCDL863. 
To generate a pal1 gene deletion strain, a 3.2 kb fragment from pCDL863 was 
generated by digestion with KpnI and SacI and was introduced into the wild type 
haploid strain MBY192 (ura4-D18, leu1-32, h-). A similar strategy was used to 
create a strain deleted for the sla2 gene. The primers MOH1686 and MOH1687 
were used to amplify the 5’UTR, and the primers MOH1688 and MOH1689 were 
used to amplify the 3’UTR of sla2. The ura4+ gene, flanked by the 5’UTR and 
3’UTR of sla2, was transformed into a diploid strain (ura4-D18/ura4-D18, 
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leu1-32/leu1-32, ade6-210/ade6-216, h+/h-). For GFP-tagging pal1 and sla2, a 1 
kb KpnI/SmaI fragment of pal1 and a 1 kb KpnI/SmaI fragment of sla2, encoding 
the C-termini were obtained by PCR using the primer pairs MOH1466 and 
MOH1467, and MOH1564 and MOH1565, respectively. The fragments were 
cloned into the KpnI/SmaI sites of pJK210-GFP to yield the plasmids pCDL856 
and pCDL916. Plasmids were linearized within the coding sequences with SalI or 
PacI and transformed into the wild type haploid strain MBY192. Similarly, for 
tagging pal1 and sla2 with 13-Myc, a 1 kb KpnI/BamHI fragment of pal1 and a 1 
kb KpnI/BamHI fragment of sla2, encoding the C-termini, were obtained by PCR 
using the primers MOH1466, MOH1681 and MOH1564, MOH1685, and cloned 
into the same sites of pJK210-13Myc to yield the plasmids pCDL919 and 
pCDL931. The plasmids were linearized with SalI and PmlI, respectively, and 
transformed into the wild type haploid strain MBY102. In all cases, correct 
integration was confirmed by PCR. 
The entire pxl1 open reading frame was replaced by ura4 gene using 
homologous recombination (Bahler et al., 1998b). The primers MOH2601 and 
MOH2602 were used to amplify the ura4 cassette from the plasmid pCDL126 
(containing ura4 gene in pBSK+ vector). PCR products were transformed into a 
diploid wild-type strain (ura4-D18/ura4-D18, leu1-32/leu1-32, 
ade6-210/ade6-216). A haploid pxl1∆ strain was obtained by tetrad dissection. To 
delete the C-terminal LIM domains of pxl1, we first cloned a genomic fragment 
(nucleotide sequence between 182 bp and 821 bp) of pxl1 plus a stop codon into 
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the pJK210 vector with the restriction enzyme sites XhoI/XbaI using the primers 
MOH2612 and MOH2613, and the obtained plasmid pCDL1162 was linearized 
with EcoRI and transformed into a haploid wild-type strain (MBY192). For the 
pxl1-5Gly-GFP strain, a 0.8 kb C-terminal fragment of pxl1 was amplified using 
the primers MOH2577 and MOH2618, and subcloned into the pJK210-GFP 
vector after digestion with the restriction enzymes KpnI/SmaI. The obtained 
plasmid pCDL1139 was linearized with AflII and transformed into a haploid 
wild-type strain (MBY102 or MBY192). For the rlc1-mCherry strain, a 0.5 kb 
fragment of rlc1 was amplified using the primers MOH461 and MOH462, and it 
was subcloned into the pJK210-mCherry vector (pCDL1207, a gift from S. 
Oliferenko, TLL, Singapore) after digestion with the restriction enzymes 
KpnI/SmaI. The obtained plasmid pCDL1269 was linearized by partial digestion 
with BamHI and transformed into a haploid wild-type strain (MBY102 or 
MBY103). Correct transformants were confirmed by colony PCR. To construct 
the plasmid pREP81-pxl1 (pCDL1166) for ectopic expression, the full length of 
pxl1 cDNA was amplified from a cDNA library using the primers MOH2614 and 
MOH2615, and subcloned into the pREP81 vector after digested with restriction 
enzymes NdeI/BamHI. Similarly, two other plasmids pREP81-pxl1-N (pCDL1167, 
N-terminal part: 1-765 bp) and pREP81-pxl1-C (pCDL1168, C-terminal part: 
766-1317 bp) were constructed using the primers MOH2614 and MOH2616, and 
the primers MOH2617 and MOH2615, respectively. To construct the GFP 
expression plasmids, a green fluorescence protein (GFP) fragment was inserted 
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into the NdeI site of the plasmids pCDL1166, pCDL1167 and pCDL1168 to yield 
the plasmids pREP81-GFP-pxl1 (pCDL1183), pREP81-GFP-pxl1-N (pCDL1184) 
and pREP81-GFP-pxl1-C (pCDL1185). All plasmids were transformed into the 
pxl1∆ strain (MBY3953). 
To obtain the 13Myc-pxl1 strain, an N-terminal tagging cassette was 
constructed as follows. First, a 1.0 kb fragment of the promoter of pxl1 was 
amplified using the primers MOH2619 and MOH2620, and subcloned into the 
vector pCDL126 after digestion with the restriction enzymes PstI/SpeI to yield the 
plasmid pCDL1160. Second, a 0.5 kb N-terminal fragment of pxl1 ORF was 
amplified using the primers MOH2623 and MOH2624, and subcloned into 
pCDL1160 after digestion with the restriction enzymes XbaI/NotI to yield the 
plasmid pCDL1161. Third, another 0.8 kb fragment of the 5’UTR of pxl1 was 
amplified using the primers MOH2625 and MOH2626, and subcloned into 
pCDL1161 after digestion with the restriction enzymes KpnI/XhoI to yield the 
plasmid pCDL1169. Last, a 0.7 kb 13Myc fragment was amplified using the 
primers MOH2675 and MOH2676, and subcloned into pCDL1169 after digestion 
with the restriction enzymes SpeI/XbaI to yield the plasmid pCDL1198. 
pCDL1198 was digested with the restriction enzymes KpnI/NotI, and the digested 
product was transformed into a wild-type haploid strain (MBY192). Correct 
transformants were conformed by colony PCR. 
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2.4.5 High-copy suppressor screening 
To identify genes that act as high-copy suppressors of the colony formation 
defect of the sla2∆ mutant at 36°C, a genomic DNA library was transformed into 
sla2∆ cells (Nakamura et al., 2001). After transformation, cells were incubated at 
24°C for 12 hours on minimal medium lacking leucine, and then shifted to 36°C 
and incubated for 5 days. The plasmids were recovered from the rescued sla2∆ 
clones and transformed into E. coli cells. The recovered plasmids were sequenced 
using T3 and T7 primers. From this screen, I identified sla2 six times and pal1 
three times. 
 
2.4.6 Cell cycle synchronization 
A cdc25-22 block and release was used for cell cycle synchronization. Cells 
were grown at 24ºC to OD595=0.2 and shifted to 36ºC for 4 hours to arrest them at 
G2. Subsequently cells were shifted back to 24ºC, and samples were taken every 
30 mins. Septation index was monitored by phase contrast microscopy. 
 
2.5 Yeast biochemistry 
2.5.1 Western blot and immunoprecipitation 
Immunoprecipitation and western blotting were performed as described (Wang 
et al., 2002). Briefly, total cell extracts were prepared from exponentially growing 
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cells by disruption with glass beads. 600 µl of NP-40 buffer [1% Triton X-100, 150 
mM NaCl, 2 mM EDTA, 6 mM Na2HPO4, 4 mM NaH2PO4, 1 mM PMSF, 2 mM 
Benzamidine, supplemented with protease inhibitors (Complete, EDTA-free, 
Roche Diagnostics, GmbH, Mannheim, Germany)] was used to extract soluble 
proteins from approximately 40 ml of early log phase culture. Cell extracts were 
clarified by centrifugation at 14,000 rpm for 10 min at 4°C. For each 
immunoprecipitation experiment, 500 µl of soluble protein was incubated with 5 
µl of α-GFP antibodies for 1 h at 4°C. 100 µl of Sepharose-Protein A beads 
(Amersham Biosciences, Piscataway, NJ, USA) were added to the 
antigen-antibody immunocomplex and incubated for 45 min at 4°C. Following six 
washes, beads were resuspended in SDS-PAGE loading buffer, and heated at 95°C 
for 5 min. 
To detect Myc or GFP-tagged Pal1p and Sla2p, proteins were separated on 8% 
SDS-Polyacrylamide gels (Mini-protein II system; Bio-Rad Laboratories, 
Hercules, CA, USA) at 120 V for 1 h and transferred (Trans-Blot system; Bio-Rad 
Laboratories) at 90 V for 1 h to a PVDF membrane (Millipore Corp., Billerica, 
MA, USA). The membrane was blocked with 5% non-fat milk in PBS-Tween 20 
buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.05% 
Tween 20, pH 7.4) for 1 h at room temperature or overnight at 4°C. Primary 
α-GFP (Molecular Probes) and α-Myc (Sigma, St. Louis, MO, USA) antibodies 
were used at a 1:2000 dilution, and incubated for 1 h. Peroxidase-conjugated 
α-rabbit and α-mouse IgG (Sigma) were used as secondary antibodies at a 1:4000 
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dilution, and incubated for 1 h. A 1:1 mixture of buffers ECL1 (2.5 mM 
3-aminophytaldrazide dissolved in DMSO, 0.4 mM p-coumaric acid, 100 mM 
Tris-HCl, pH 8.5) and ECL2 (0.02% H2O2, 100 mM Tris-HCl, pH 8.5) was used 
as the chemiluminescent solution (Schneppenheim et al., 1991). After 1 min to 
incubate, the membrane was then placed in a film cassette with the appropriate 
film for various exposure time. Finaly, the film was removed from the cassette and 
developed according to the manufacturer’s instructions.  
 
2.5.2 Density Gradient Centrifugation 
S. pombe cells were grown in YES at 30°C to OD595=0.5. Cells were harvested 
and broken using glass beads and total proteins were extracted in 300 µl TNE 
buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 
supplemented with protease inhibitors (Complete, EDTA-free, Roche 
Diagnostics)]. The lysate was cleared of cell wall debris by low-speed 
centrifugation (200 g). Optiprep (Axis-Shield, Oslo, Norway) was added to the 
supernatant at a final concentration of 40%, and overlayed by 1300 µl of 30% 
Optiprep in TNE and 100 µl TNE. Samples were centrifuged for 2 h at 55000 rpm 
at 4°C in a Beckman TLS55 rotor, and six equal fractions were collected from top 
to bottom of the gradient. Proteins were precipitated using methanol/chloroform 
(Wessel and Flugge, 1984) and the pellets were dissolved in SDS-PAGE loading 
buffer. Protein concentration was determined using amidoblack (Popov et al., 
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1975) compared with a bovine serum albumin standard. Equal volumes of each 
fraction were separated on 10% SDS-Polyacrylamide gels (Laemmli, 1970) and 




2.6.1 Cell wall, F-actin and DNA staining 
Live cells were concentrated by brief centrifugation. 5 ug/ml Aniline blue or 
Calcofluore were added to stain cell wall and septum. To visualize F-actin and 
DNA, cells were fixed with 7% formaldehyde and then stained with 0.1 mg/ml 
Alexa Fluor-488 phalloidin (Molecular Probes) and 1 ug/ml 4',6-diamidino- 
2-phenylindole (DAPI). 
 
2.6.2 FM4-64 internalization assay 
Endocytosis was monitored by a FM4-64 internalization assay. Cells were 
grown in YES at 24°C to OD595 of 0.2 to 0.5. 2 ml cell culture was concentrated to 
1 ml and 1ul of 2 mg/ml FM4-64 (Molecular Probes, Eugene, OR, USA) solution 
was added to the culture. It was then incubated for 30 minutes and samples were 
taken at 0, 2, 5, 10, 20, 30 min. Uptake was stopped by addition of ice-cold wash 
buffer (50 mM Na2HPO4/NaH2PO4 buffer pH 7.0, 10 mM sodium fluoride, 10 
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mM sodium azide). Cells were concentrated by brief centrifugation and observed 
under confocal microscopy. 
 
2.6.3 Fluorescence microscopy 
Fluorescence microscopy was performed as described previously 
(Balasubramanian et al., 1997). Epifluorescence was observed in live cells or in 
formaldehyde fixed cells. To detect Sla2p-GFP, Pxl1p-GFP, Cdc4p and 
microtubules, I used α-GFP (ab1218, Abcam, Cambridge, United Kingdom), 
α–cdc4 (McCollum et al., 1995) and α–β-tubulin (a gift from Dr Keith Gull, 
University of Manchester, Manchester, United Kingdom) primary antibodies, and 
α-rabbit and α-mouse IgG-conjugated with either Alexa Fluor-594 or Alexa 
Fluor-488 (Molecular Probes) secondary antibodies. Cells were observed using 
either a Leica DMLB microscope equipped with a Photometrics CoolSNAP ES 
camera or an Olympus IX71 microscope (Olympus America Inc., Melville, NY, 
USA) equipped with a Photometrics CoolSNAP ES camera (Roper 
Scientific/Photometrics, Tucson, AZ, USA). A Leica 100X 1.40NA oil objective 
and an Olympus PlanApo 100X 1.45NA oil objective were used, respectively. 
Images were acquired with MetaVue or MetaMorph software (Universal Imaging, 
West Chester, PA, USA) and processed with Photoshop 7.0 (Adobe Systems, San 
Jose, CA, USA). 
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2.6.4 Confocal microscopy 
For confocal laser scanning microscopy, cells were observed on a Zeiss Meta 
Inverted Laser Scanning Confocal microscope (LSM510; Thornwood, NY, USA). 
Images were captured and analyzed with LSM 5 browser software. Z-stack images 
were taken with 0.5 µm intervals and reconstructed in three dimensions using the 
projection module. For time-lapse imaging, cells were grown to log-phase and 
spotted on top of a 2% agar pad (Tran et al., 2004). 
 
2.6.5 Electron microscopy 
For electron microscopy, cells were processed as described in Wang et al. 
(2002). Briefly, cells were grown overnight to OD595=0.5 and harvested. After 
washed three times in water, cells were fixed for 1 h in 2% potassium 
permanganate at room temperature. Then, cells were washed again with water for 
three times and resuspended in 70% ethanol, and incubated overnight at 4°C. Cells 
were dehydrated and treated with propylene oxide. The samples were infiltrated 
with Spurr's medium and incubated at 65 °C for 1 h. The medium was changed 
once in between. Then, they were embedded in Spurr's resin, and the resin was 
incubated at 60°C overnight. Ultrathin sections were cut on a Jung Reichert 
microtome (Leica Mikroskopie and Systeme GmbH, Wetzler, Germany) before 
they were examined using a JEM1010 transmission electron microscope (Jeol, 




2.7.1 Sequence alignment 
ClustalW (1.82) and Boxshade (3.21) programs were used for multiple 
sequence alignment and shading, respectively. Identical residues are shaded in 
black and conserved substitutions are shaded in grey. 
 
2.7.2 Domain analysis 
Domain analysis was carried out using the specialized BLAST program 
(Search conserved domains on a protein) on the NCBI server. 
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3 CHAPTER III:  THE NOVEL FISSION YEAST PROTEIN PAL1P 
INTERACTS WITH HIP1-RELATED SLA2P/END4P AND IS 
INVOLVED IN CELLULAR MORPHOGENESIS 
 
In this chapter, I describe two proteins Pal1p and Sla2p that are important for 
maintenance of cylindrical cellular morphology in fission yeast. Both Pal1p and 
Sla2p localize to the growing sites during the cell cycle. pal1∆ and sla2∆ mutant 
cells display abnormal cell morphology including pear-like and spherical shape. 
Co-immunoprecipitation experiments show that Pal1p interacts with Sla2p in vivo. 
Overexpression of Pal1p can partially suppress the morphology defect in a sla2∆ 
mutant. I propose that Pal1p may function downstream of Sla2p to regulate cell 
morphology in fission yeast. Additionally, in collaboration with Ting Gang Chew, 
I show that a spherical pal1∆ cell can polarize to establish a pear-like morphology 
prior to mitosis, and this repolarization is dependent on the kelch-repeat protein 
Tea1p, and the cell cycle inhibitory kinase Wee1p. We propose that overlapping 
mechanisms involving Pal1p, Tea1p, and Sla2p contribute to the establishment of 
cylindrical cell morphology that is important for the coordination between 




3.1.1 Identification of a novel fission yeast protein, Pal1p 
Eukaryotic cells are an organized and complex system with various 
morphologically and functionally distinct compartments. Proteins must be 
transported and targeted to the appropriate compartment within a particular cell to 
ensure proper function. Thus, the knowledge of protein localization plays a critical 
role in characterizing the cellular function of novel proteins. In order to identify 
uncharacterized genes that might function during cytokinesis, I carried out a 
bioinformatic analysis to screen for potential candidates that localize to the cell 
division site in fission yeast. A large-scale protein localization study from budding 
yeast has provided detailed localization information on 70% proteins of the 
genome (Huh et al., 2003). Based on the assumption that homologous proteins 
might have similar subcelluar localization between budding yeast and fission yeast, 
I focused on a subset of proteins that localize to the bud neck in S. cerevisiae and 
thus their counterparts might localize to the septum in S. pombe (Huh et al., 2003). 
From this analysis I identified a gene pal1 (pears and lemons, encoded by 
SPCP1E11.04c), homologous to an uncharacterized budding yeast ORF 
(YDR348c) that encodes a protein localized at the division site. Proteins related to 
Pal1p were detected in several ascomycetes. Figure 3-1A shows the alignment of 
the conserved part of the amino-acid sequence of Pal1p with related members 
from S. cerevisiae, Magnaporthe grisea and Neurospora crassa. Proteins related 
to Pal1p are variable in length and share an approximately  
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Figure 3-1. Identification of Pal1p in fission yeast.  
(A) Schizosaccharomyces pombe Pal1p is aligned with Saccharomyces cerevisiae 
YDR348cp, Magnaporthe grisea MG02779.4, Neurospora crassa NCU00687.1. 
Identical amino acids are shaded in black and similar amino acids are shaded in 
grey. (B) Schematic representation of the homology between Sp.Pal1p and other 
related proteins. Identities (%) and the length in amino acids are indicated in the 




160 amino-acid region of high similarity, positioned roughly 100 amino acids 
from the C-termini of these proteins (Figure 3-1B). Proteins related to Pal1p were 
not readily identified in plants and metazoans. 
 
3.1.2 Pal1p localizes to the sites of active growth and cell division 
To determine the intracellular distribution of Pal1p, I fused the DNA 
sequences encoding the green fluorescent protein (GFP) to the pal1 ORF at its 
C-terminal region. The sole copy of the gene encoding the Pal1p-GFP fusion was 
expressed under the control of the native promoter sequence. The GFP-tagged 
strain grows normally compared with wild-type strain. Pal1p showed a cell cycle 
dependent intracellular distribution (Figure 3-2). Pal1p was detected at one end of 
the cell in a small proportion of uninucleate cells (Figure 3-2; cell 1) and was 
visualized at both ends of the vast majority of uninucleate cells (Figure 3-2; cell 2). 
In cells undergoing cytokinesis, Pal1p-GFP was present at the medial cell division 
site (Figure 3-2; cells 3-6). Thus Pal1p localizes to the cell tips in interphase and 
to the division site during mitosis and cytokinesis. 
 
3.1.3 Pal1p is a novel membrane-associated protein 
In most cases the Pal1p-GFP signal appeared to be closely associated with the 
cell periphery, suggesting a possible membrane association of this protein. To test  
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Figure 3-2. Pal1p localizes to the sites of active growth and cell division in wild 
type cells. 
Cells expressing functional GFP-tagged Pal1p grown on YES plates were 
visualized by fluorescence microscopy. Pal1p localizes to the growing end(s) 
during monopolar and bipolar growth (cells 1 and 2) and to the medial cell 





Figure 3-3. Pal1p is a novel membrane-associated protein. 
(A) Total cell extracts were prepared from the pal1-GFP (lane 1) and wild type 
(lane 2) strains and were subjected to SDS-PAGE and immunoblotted using 
α-GFP antibody. (B) Pal1p is a membrane-associated protein. Total cell extracts 
prepared from the pal1-GFP strain were fractionated by density gradient 
centrifugation. The fractions obtained were subjected to SDS-PAGE and 
immunoblotted using α-GFP, α-PMA1, α-Cdc8p antibodies. Lanes 1 to 6 show 





if Pal1p was membrane associated I carried out membrane preparations from a 
strain expressing GFP-tagged Pal1p. In denaturing lysates, Pal1p-GFP was 
detected as a single band of approximately 75 kDa, consistent with the predicted 
size of this fusion protein (Figure 3-3A). This band was absent in a wild-type 
strain in which Pal1p was not tagged with the GFP epitope, establishing that the 
75 kDa band was the product of the pal1-GFP encoding gene. Interestingly, upon 
preparation of a membrane fraction by density gradient centrifugation, a 
significant portion of Pal1p was found to co-sediment at the top of the gradient 
(Figure 3-3B) in a fraction that contained other known membrane proteins such as 
plasma membrane ATPase Pma1p, while a significant fraction also co-migrated 
with Cdc8p, a known soluble protein related to tropomyosins (Balasubramanian et 
al., 1992; Serrano et al., 1993). The sedimentation studies suggested that a 
fraction of Pal1p is membrane-associated. 
 
3.1.4 Pal1p localizes to growth zones independent of F-actin and 
microtubules 
The fact that Pal1p was detected at one or both ends suggested that Pal1p 
localizes to the actively growing end(s). To test if this was the case, I examined 
the localization of Pal1p in various mutants which have been shown to display 
specific growth pattern. In the orb2-34 mutant grown at the permissive 
temperature of 24 °C (known to grow only at the old end) (Verde et al., 1995), 
Pal1p-GFP was only detected at the growing cell end as determined by co-staining 
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with the cell wall stain aniline blue (Figure 3-4A, a and b). Pal1p-GFP was 
detected at both ends of heat-arrested cdc25-22 cells that are known to grow in a 
bipolar manner (Figure 3-4B). Pal1p-GFP was found to be localized to a larger 
region of the cell cortex in spherical and isotropically growing temperature 
sensitive mutants such as orb2-34, orb3-167, orb6-25 grown at the restrictive 
temperature 36 °C (Figure 3-4C; data not shown for orb2-34 and orb6-25) and 
was also detected at the additional tips generated in a tea1∆  mutant (Indicated by 
arrows in Figure 3-4D). Furthermore, Pal1p-GFP localized to the mispositioned 
septa in a mid1∆ mutant (Figure 3-4E). Taken together, these data suggested that 
Pal1p localizes to sites of polarized growth and secretion. 
Fission yeast cells are known to reinitiate polarized growth towards a mating 
partner of opposing mating type. This growth occurs in random directions, 
determined by the position of the mating partner (Nielsen and Davey, 1995). 
During mating, Pal1p-GFP was detected at the zone of cell fusion (Figure 3-4F). 
Thus, Pal1p localizes to sites of polarized growth and secretion in mating cells as 
well as vegetative cells. 
Given that both the F-actin and microtubule cytoskeletons are important for 
proper polarized growth and cell division, I studied the role of F-actin and 
microtubules in the localization of Pal1p-GFP to the cell tips and the cell division 
site. To test the role of F-actin in assembly and maintenance of Pal1p at the cell 
tips and the division site, a pal1-GFP cdc25-22 strain was arrested at the G2/M 
boundary by shift to the restrictive temperature of 36 °C. Cells were then treated  
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Figure 3-4. Pal1p localizes to growth zone in an F-actin and microtubule 
independent manner.  
Different strains with functional GFP-tagged Pal1p were grown on YES agar plate 
at 24°C and then shifted to 36°C for 6 hours, (A) orb2-34 at 24°C, a shows 
Pal1p-GFP; b shows aniline blue staining; (B) cdc25-22 at 36°C; (C) orb3-167 at 
36°C; (D) tea1∆; (E) mid1∆; (F) Pal1p localizes to the zone of cell fusion in the 
h90 strain. (G) Role of F-actin in Pal1p localization. cdc25-22 pal1-GFP cells 
were blocked for 4 hours at 36°C in YES medium and then released to 24°C into 
medium containing 15µM Latrunculin A or DMSO. Cell samples were taken at 
different time points (a 60 mins, b 60 mins, c 120 mins, d 180 mins) after release 
and visualized by fluorescence microscopy. (H) Role of microtubules in Pal1p 
localization. nda3-KM311 pal1-GFP cells were grown on a YES agar plate at 





with Latrunculin A (Lat A) to cause loss of all F-actin structures or DMSO as a 
control and returned to the permissive temperature of 24 °C to allow resumption 
of the mitotic cycle. In DMSO treated cells, Pal1p-GFP was detected at the 
division site in well-formed septa (Figure 3-4G; cell a). Interestingly, in Lat A 
treated cells, Pal1p continued to be present at the cell tips, suggesting that 
maintenance of Pal1p at the cell tips is F-actin independent (Figure 3-4G: cells 
b-d, marked with arrows). In addition, Pal1p-GFP also accumulated at the 
division site in Lat A treated cells (Figure 3-4G: cells b-d, marked with 
arrowheads), although Pal1p-GFP was not organized into a proper medial ring 
structure in the absence of an actomyosin ring. 
To study the role of the microtubule cytoskeleton in Pal1p-GFP localization, I 
arrested the cold-sensitive β-tubulin mutant nda3-KM311 at the restrictive 
temperature of 18 °C and assayed the localization of Pal1p-GFP. Interestingly, 
Pal1p-GFP was clearly detected at the presumptive cell division site (Figure 3-4H 
b; marked with arrowheads) as well as at the cell tips (Figure 2H a; marked with 
arrows). Thus, Pal1p accumulation at the cell division site and its maintenance at 
the cell tips and the division site are independent of F-actin and microtubule 
function. 
 
3.1.5 Pal1p interacts and shows overlapping localization with Sla2p 
The budding yeast Pal1p related protein YDR348c has been shown to 
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co-purify with Sla2p in genome-scale proteomic analyses in S. cerevisiae (Gavin 
et al., 2002). I identified a Sla2p related protein encoded by SPAC688.11 in 
fission yeast (Figure 3-5A). S. pombe Sla2p is related to the budding yeast Sla2p 
as well as human proteins HIP1 (Huntingtin-interacting protein) and talin. All four 
proteins shown in figure 3-5A contain the actin-binding I/LWEQ motif. In 
addition, the AP180-N-terminal homology domain (ANTH domain) is present in 
Sla2p from budding and fission yeasts as well as in HIP1, but is absent in talin. To 
test if Pal1p interacted with Sla2p, I created S. pombe strains expressing 13-Myc 
tagged Pal1p, GFP-tagged Sla2p, and both these epitope tagged-proteins. Cell 
lysates were immunoprecipitated with α-GFP antibodies and the immune 
complexes were immunoblotted with α-Myc antibodies. Interestingly, Pal1p-Myc 
was immunoprecipitated by α-GFP antibodies only in cells expressing both 
Sla2p-GFP and Pal1p-Myc (Figure 3-5B). Furthermore, in strains expressing 
Sla2p-Myc and Pal1p-GFP, Sla2p-Myc was recovered in immune complexes 
immunoprecipitated with GFP antibodies (Figure 3-5B). Thus, Pal1p interacts 
with Sla2p. 
I then investigated the localization of Sla2p-GFP, expressed from a sole copy 
of the gene the under control of its native promoter. In interphase cells, Sla2p was 
detected as patches at the cell ends, while in late mitosis, Sla2p was visualized at 
the medial region of the cell in patches (Figure 3-5C). To address possible 
colocalization of Sla2p with F-actin, cells expressing Sla2p-GFP were fixed and 
stained with antibodies to GFP and phalloidin (Figure 3-5D). This experiment  
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Figure 3-5. Pal1p interacts with Sla2p in S. pombe.  
(A) Schematic representation of the homology between fission yeast Sla2p and 
other Sla2p/Hip1p family proteins. Schizosaccharomyces pombe Sla2p (Sp_Sla2p) 
is aligned with Saccharomyces cerevisiae Sla2p (Sc_Sla2p), Homo sapiens Hip1p 
(Hs_Hip1p), Homo sapiens Tln1p (Hs_Tln1p). Identities (%) and the number of 
amino acids are indicated in two conserved domains, ANTH and I/LWEQ. (B) 
Coimmunoprecipitation of Pal1p with Sla2p in α-GFP immunoprecipitation from 
native cell extracts. Total cell extracts were prepared from pal1-Myc, sla2-GFP, 
pal1-Myc sla2-GFP, pal1-GFP, sla2-Myc and pal1-GFP sla2-Myc strains. The 
entire immune complex prepared from 500 µl of lysate and 30 µl of straight-lysate 
were subjected to SDS-PAGE and immunoblotted with α-GFP or α-Myc 
antibodies. (C) Localization of Sla2p-GFP in wild type cells. Cells expressing 
functional Sla2p-GFP under its native promoter were grown at 30°C and 
visualized by fluorescence microscopy. (D) Co-localization of Sla2p-GFP and 
F-actin patches. Cells expressing Sla2p-GFP were grown at 30°C and 
immunostained with α-GFP antibody and Alexa Fluor-488 conjugated phalloidin. 
(E) Role of F-actin in Sla2p localization. cdc25-22 sla2-GFP cells were blocked 
at 36°C for 4 hours in YES medium and then released to 24°C into YES medium 
containing 15µM Latrunculin A or DMSO. Cell samples were taken at different 
time points (a 60 mins, b 60 mins, c 120 mins, d 180 mins) after release. (F) Role 
of microtubules in Sla2p localization. nda3-KM311 sla2-GFP cells were grown in 





revealed significant colocalization of F-actin and Sla2p. Some differences were 
noted as well. First, Sla2p was detected in more patch-like structures compared 
with F-actin and secondly, whereas F-actin assembled at the division site early in 
mitosis, Sla2p assembled at the division site in late anaphase. I conclude that 
Sla2p colocalizes with a large subset of F-actin structures and displays 
overlapping localization with Pal1p. As in the case of Pal1p, Sla2p localization 
was not altered in cells treated with the actin polymerization inhibitor LatA 
(Figure 3-5E) nor in microtubule mutant cells grown at the restrictive temperature 
of 18 °C (Figure 3-5F). Thus, Sla2p localizes in an F-actin and microtubule 
independent manner. 
 
3.1.6 Pal1p is important for maintenance of a cylindrical morphology 
To examine the phenotypes resulting from the loss of Pal1p function, I 
generated a strain in which the entire coding region of pal1 was deleted. The 
resultant strain, pal1::ura4 (referred to as pal1∆) was viable, although upon 
microscopic observation several morphological abnormalities were detected. The 
morphological phenotypes of pal1∆ cells could be classified into three groups: 
“Spherical” cells with a short to long axis ratio of 0.80 or higher (Figure 3-6A; 
cells marked with arrows), “Abnormal” cells that appeared pear-shaped (Figure 
3-6A; cells marked with arrowheads), and “Normal” cells with cylindrical 
morphology. In spherical cells F-actin and microtubules were disorganized (Figure  
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Figure 3-6. pal1∆ and sla2∆ cells have defects in cell morphology and cell wall.  
(A) Microscopic analysis of pal1∆ cells. pal1∆ cells were grown in minimal 
medium at 30°C and stained with DAPI to visualize DNA. Arrows, spherical cell; 
arrowheads, abnormal shaped cell. (B) pal1∆ cells were grown in minimal 
medium, fixed and stained with Alexa Fluor-488 conjugated phalloidin to show 
the F-actin localization. (C) pal1∆ cells expressing GFP-α-tubulin were used to 
visualize interphase microtubules. (D) Wild type and pal1∆ cells were grown in 
YES liquid medium and stained with Calcofluor. (E) Morphology of sla2∆ cells. 
sla2∆ cells were grown in YES supplemented with 1.2 M sorbitol, washed and 
reinoculated into YES medium for 6 hours at 30°C, fixed and stained with aniline 





3-6B and C). F-actin was detected in patches over the entire cortex, as opposed to 
the localization at the cell tips observed in wild-type cells. In spherical cells 
microtubules were observed to criss-cross the cell, as opposed to the presence of 
parallel bundles of microtubules observed in wild-type cells (Figure 3-6C). Thus, 
the pal1∆ mutant is defective in maintenance of a cylindrical cellular morphology 
and displays abnormally organized F-actin and microtubules. Staining with 
calcofluor revealed cell wall abnormalities in pal1∆ cells (Figure 3-6D). In 
wild-type cells, intense staining is detected only at hemispherical cell ends during 
interphase growth and at the division site during cytokinesis. In contrast, in 
growing interphase pal1∆ cells, the intensity of calcofluor staining was more in 
the cylindrical part compared to that in the hemispherical part of the cell, 
suggesting that cell wall assembly was occurring at improper sites. 
Given the physical interaction between Pal1p and Sla2p, the phenotype 
resulting from the loss of Sla2p function was also examined. Strains bearing a 
deletion of the entire sla2 gene were viable as reported recently by Iwaki et al., 
2004 and Castagnetti et al., 2005, although these cells showed a higher incidence 
of morphological abnormalities (Figure 3-6E) and were incapable of colony 
formation at 36°C (Figure 3-7D). sla2∆ cells were more spherical in nature 
compared to pal1∆ cells. Thus, the interacting proteins Pal1p and Sla2p are 
important for proper cylindrical shape establishment and maintenance. 
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3.1.7 Pal1p and Sla2p are important for cell wall integrity 
Calcofluor staining showed that pal1∆ cell walls were intensely fluorescent as 
compared to wild type cells, suggesting that the cell wall in pal1∆ cells might be 
altered (Figure 3-6D). To explore this further, I studied thin sections of wild-type 
and pal1∆ cells by electron microscopy. Interestingly, whereas the cell wall of 
wild-type cells was of uniform thickness, the cell wall in pal1∆ cells was 
significantly thicker (Figure 3-7A). Thus, pal1∆ cells assemble abnormal cell 
walls. This raises an interesting possibility that the spherical morphology of pal1∆ 
cells might be a result of improper cell wall integrity. If this were the case, 
addition of an osmolyte such as sorbitol would be expected to restore cylindrical 
morphology of pal1∆ cells. This was found to be the case (Figure 3-7B). An 
increased number of spherical and abnormal cells was detected when pal1∆ cells 
were grown in YES compared to those grown in YES medium containing sorbitol. 
I have found that Pal1p is essential in cells lacking the kelch-repeat protein 
Tea1p (discussed in a later section). To more rigorously test the conclusion that 
cells lacking Pal1p exhibited abnormal cell wall integrity, I assessed the ability of 
exogenously added sorbitol to restore viability of pal1∆ tea1∆ double mutant. 
Whereas pal1∆ tea1∆ double mutants were incapable of colony formation at 36°C 
on YES plates (Figure 3-7C; upper panel), the double mutants formed healthy 
colonies on YES plates containing 1.2 M sorbitol (Figure 3-7C; upper panel). 
Microscopic examination of double mutants grown on sorbitol-containing plates 
revealed the establishment of a cylindrical morphology in these cells (Figure  
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Figure 3-7. pal1∆ and sla2∆ cells have abnormally thick cell wall and are rescued 
by growth on sorbitol.  
(A) Exponentially growing wild type, pal1∆  and sla2∆ cells were processed for 
thin section electron microscopy. Electron micrographs of wild type, pal1∆ cells, 
sla2∆ cells are shown in left panel, middle panel and right panel respectively. 
Scale bar: 1 µm. (B) Morphology of pal1∆ mutants is suppressed by sorbitol. 
pal1∆ cells were grown in YES and YES plus 1.2 M sorbitol medium. Cells were 
stained with DAPI and visualized by fluorescence microscopy. (C) 
pal1∆ phenotype can be suppressed by sorbitol in pal1∆ tea1∆ mutant. pal1∆ 
tea1∆ and wild type cells were grown on YES plate with or without 1.2M sorbitol 
for 2 days at 36°C (upper panel). Cells from the plates were stained with aniline 
blue to visualize the cell shape (lower panel). (D) Ability of sla2∆ cells to form 
colonies on YES supplemented with sorbitol. Wild-type and sla2∆ cells were 
streaked on YES plates with or without sorbitol and incubated at 32°C for 3 days. 





3-7C; lower panel). These double mutant cells, however, displayed a tea1∆ 
phenotype, since the osmolyte only suppresses cell wall associated defects. 
Collectively, these studies established that the cell shape defects in pal1∆ cells 
might result from improper cell wall architecture. 
sla2∆ cells were also rendered capable of colony formation at 36°C in the 
presence of 1.2 M sorbitol (Figure 3-7D). Furthermore, electron microscopic 
analyses indicated that sla2∆ cells contained abnormally thickened cell walls 
(Figure 3-7A) similar to those observed in the pal1∆ cells. These studies 
established that cells lacking Pal1p and Sla2p contained abnormal cell walls and 
the morphological phenotypes resulting from the loss of these proteins were 
suppressed by stabilization of the cell wall. 
 
3.1.8 sla2∆, but not pal1∆, mutant cells are defective in endocytosis 
Previous studies have shown that the mammalian Hip1 and Hip1R and their 
budding yeast homologue, Sla2p, interact with clathrin light chain, a subunit of 
the major vesicle coat protein complex that functions in receptor-mediated 
endocytosis (Engqvist-Goldstein et al., 2001; Chen and Brodsky, 2005; 
Legendre-Guillemin et al., 2005; Newpher and Lemmon, 2006). Loss-of-function 
studies of these genes in different organisms have led to the conclusion that Sla2p 
family proteins mediate the interactions between the actin cytoskeleton and the 
clathrin endocytic machinery (Engqvist-Goldstein and Drubin, 2003). In order to
 77 
Figure 3-8. Sla2p interacts with Clc1p, and is required for endocytosis. 
(A) Coimmunoprecipitation of Sla2p with Clc1p. Total cell extracts were prepared 
from wild type, clc1-GFP, sla2-Myc, sla2-Myc clc1-GFP strains. The entire 
immune complex prepared from 500 µl of lysate and 30 µl of straight-lysate were 
subjected to SDS-PAGE and immunoblotted with α-GFP or α-Myc antibodies. (B) 
FM4-64 internalization assay. Wild type, pal1∆ and sla2∆ cells were grown in 
YES and treated with FM4-64 as described in 2.6.2.. Samples were taken at 0 and 





investigate whether the fission yeast Sla2p homologue is required for endocytosis, 
I first carried out a biochemical study to test if Sla2p is associated with Clc1p, the 
sole clathrin light chain in S. pombe (Naqvi, unpublished data). For this purpose, 
several strains expressing sla2-13Myc, clc1-GFP and sla2-13Myc clc1-GFP were 
constructed. Cell lysates were immunoprecipitated with α-GFP antibodies and the 
immune complexes were western blotted with α-Myc antibodies. Consistent with 
the findings in other organisms, Sla2-13Myc was able to coimmunoprecipitate 
with Clc1-GFP in a sla2-13Myc clc1-GFP yeast extract but not in the control 
yeast extracts (Figure 3-8A). This result suggests that Sla2p interacts with Clc1p 
in fission yeast. To further address the role of Sla2p in the process of endocytosis, 
an uptake assay of the lipophilic dye FM4-64 was performed. Internalization of 
FM4-64 from the cell membrane to the vacuole via endocytosis has been shown in 
budding yeast (Vida and Emr, 1995). FM4-64 was visualized on the vacuole 
membrane within 30 mins upon treatment of wild type cells (Figure 3-8B; left 
panel, arrowhead). However, FM4-64 was not detectable in the cytoplasm in 
sla2∆ mutant cells (Figure 3-8B; right panel). In contrast, I observed that FM-64 
was localized to the vacuole membrane when the same experiment was done in 
pal1∆ mutant cells (Figure 3-8B; middle panel, arrow). These data indicate that 
the sla2∆, but not pal1∆, mutant cells have a defect in the process of endocytosis. 
Taken together, these experiments suggest that the fission yeast Sla2p homologue 
interacts with clathrin light chain and plays a crucial role during endocytosis. 
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3.1.9 Pal1p appears to function downstream of Sla2p in promoting polarized 
growth 
Given the similarity in the phenotypes of cells deleted for pal1 and sla2, the 
intracellular co-localization and the biochemical interactions, I addressed if Sla2p 
depended on Pal1p for its localization and vice versa. Sla2p localization was 
relatively unaffected in cells deleted for pal1 (Figure 3-9A; panel a and b). In 
contrast, the localization of Pal1p was significantly altered in cells deleted for sla2 
(Figure 3-9A panel d). A significantly elevated level of Pal1p-GFP was detected at 
the cell periphery in sla2∆ cells (compare cells in figure 3-9A panel c; wild-type 
and figure 3-9A panel d; sla2∆). Furthermore, approximately 14% of sla2∆ cells 
displayed mislocalization of Pal1p-GFP, in that Pal1p-GFP was concentrated at 
the sides of the cell rather than the cell tips or the medial division site (Figure 
3-9A panel d, marked with arrowheads). Finally, in spherical sla2∆ cells Pal1p 
was detected over the entire cortex. Thus, Sla2p appears to be important for 
optimal localization of Pal1p at the cell tips and the division site. Such localization 
dependencies also suggest that Pal1p functions downstream of Sla2p. The 
localization epistasis was consistent with our isolation of Pal1p as a high copy 
suppressor of the temperature-sensitive growth and morphology defects of sla2∆ 
cells. Interestingly, whereas sla2∆ cells expressing empty plasmids were unable to 
form colonies at 36 °C, cells expressing sla2 or pal1 were able to form colonies at 
36 °C (Figure 3-9B). Furthermore, cylindrical morphology was largely restored in 
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Figure 3-9. Dependency relationships between Sla2p and Pal1p.  
(A) Cells expressing functional GFP-tagged Sla2p in wild-type (a) and pal1∆ (b) 
backgrounds were grown in YES liquid medium and imaged by laser scanning 
confocal microscopy. Cells expressing functional GFP-tagged Pal1p in wild-type 
(c) and sla2∆ (d) backgrounds were grown in YES liquid medium supplemented 
with sorbitol and imaged by laser scanning confocal microscopy. Scale bar: 5 µm. 
(B) Viability of sla2∆ cells at high temperature is suppressed by multiple copies of 
pal1. sla2∆ cells carrying pal1 or sla2 plasmid were streaked on minimal medium 
without leucine supplement and were grown at 24°C (a) and 36°C (b) for 3 days . 
sla2∆ transformed with the empty vector, pTN-L1, was included as a control. (C) 
Microscopic analysis of sla2∆ cells transformed with vector (a), sla2 (b), and pal1 
(c) plasmids. sla2∆ cells carrying vector, sla2, and pal1 plasmids were grown in 
minimal medium without leucine supplement at 24°C, and shifted to 36°C for 8 





sla2∆ cells carrying multicopy plasmids expressing pal1 (Figure 3-9C panel c; 
compared to cells in figure 3-9C panel a and figure 3-9C panel b). sla2∆ cells 
suppressed by overproduction of Pal1p were largely incapable of new end growth 
(Figure 3-9C panel c; marked with arrow), indicating that Sla2p function was 
essential for new end growth. Taken together, these experiments established that 
Pal1p might function downstream of Sla2p in the maintenance of a cylindrical 
morphology and cell wall integrity, by participating in a subset of Sla2p functions. 
 
3.1.10 pal1∆ cells grow in various patterns that lead to different morphologies 
I have described Pal1p, a protein that interacts with Sla2p to regulate cell wall 
integrity and cellular morphogenesis. I have also described that pal1∆ cells exhibit 
a variety of morphological phenotypes, such as spherical, abnormal (pear shaped) 
and normal morphologies. I studied the behavior of cells by time-lapse 
microscopy to identify growth patterns that might shed light on the mechanism of 
formation of these various morphologies. Four major growth behaviors were 
noted. Cells with a cylindrical morphology were capable of bipolar growth as in 
the case of wild-type cells (Figure 3-10A). In instances where pear shaped 
abnormal cells underwent septation, a spherical and a cylindrical daughter cell 
were generated (Figure 3-10B). Interestingly, I found that the spherical daughter 
cells made a cylindrical outgrowth and generated a tip at or near the new end, 
while the cylindrical daughter cell grew in either a monopolar (growing at the old  
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Figure 3-10. Growth patterns of pal1∆ cells.  
pal1∆ cells (over 5 for each morphology) were imaged by time-lapse light 
microscopy on minimal medium agar pads at room temperature. (A) Bipolar 
growth pattern of a cylindrical cell. (B) Pattern of growth of the spherical and 
cylindrical cell generated by division of a pear-shaped cell. Note that the spherical 
cell generates a tip at or near the new end. (C) Pattern of growth of cells defective 
in separation. Note the old end growth and no new end (branching) growth. (D) 
Pattern of growth of pear shaped cells generated by cell division. Note that both 





end) or bipolar manner. In cells incapable of separation following septation, old 
end growth ensued and new end (branches) growth was not observed (Figure 
3-10C). Finally, in instances where the two daughter cells were born with a pear 
shape (Figure 3-10D), both daughters grew from the old ends and did not grow 
from the new ends. These studies indicated that pal1∆ cells were capable of both 
old and new end growth, but that old end growth was more common. The 
exception to this was in spherically born pal1∆ cells that preferentially grew either 
at or near the new ends. These observations also provided a partial explanation for 
the mixture of phenotypes observed in pal1∆ cells. 
 
3.1.11 Spherical pal1∆ cells polarize in G2 to establish pear shaped 
morphology 
Interestingly, I found that spherical binucleate cells were rarely (<1%) seen in 
pal1∆ mutant, whereas approximately 6% of the uninucleate cells were spherical 
in appearance (Figure 3-11A). The vast majority of uninucleate and binucleate 
cells were abnormal (pear-shaped) in appearance (Figure 3-11A; > 60% in both 
cases). The fact that spherical cells with two nuclei were rarely detected suggested 
that a mechanism might exist to polarize spherically born pal1∆ cells prior to 
mitosis. To test if this was the case, spherical pal1∆ cells were imaged by 
time-lapse microscopy (Figure 3-11B). 12 out of 15 spherical cells imaged 
underwent polarized growth leading to the attainment of a pear-shaped 
morphology. Cells shown in Figure 3-11B were found to establish a partially  
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Figure 3-11. Establishment of cylindrical morphology in spherical cells of pal1∆. 
(A) Correlation of cell shape and nuclear number in pal1∆ cells. Cells were grown 
in minimal medium at 30°C to log phase, fixed and stained with DAPI to visualize 
DNA. At least 600 cells each were counted for uninucleate and binucleate 
categories. (B) Time-lapse analysis of the growth of pal1∆ mutant. Cells were 
imaged by time-lapse light microscopy on minimal medium agar pads at room 
temperature. Time in minutes is indicated on the top right of each panel at the 
commencement of observation (t=0). Cells are numbered for tracking, a and b are 




cylindrical morphology and assemble division septa, indicative of successful 
completion of mitosis. To determine if the polarization of spherical cells took 
place in interphase, (as opposed to during mitosis) I followed the repolarization in 
pal1∆ cells expressing Cdc13p-YFP (Figure 3-12A). Cdc13p, the predominant 
B-type cyclin in fission yeast accumulates in the nucleus in interphase and is 
transferred to the mitotic spindle and the spindle pole body in metaphase before 
eventual degradation at anaphase A (Decottignies et al., 2001). I found that the 
polarization in spherical cells always occurred in cells in which Cdc13p-YFP was 
detected in the nucleus, suggesting that the polarization event occurred in 
interphase, and possibly in G2, since this phase represents the majority of 
interphase in fission yeast. I then addressed if shortening of the G2 phase 
abrogated polarization of spherical pal1∆ cells. To this end, double mutants of the 
genotype pal1∆ wee1-50 were constructed. Wee1p regulates timing of entry into 
mitosis by inhibitory phosphorylation of Cdc2p and wee1 mutants exhibit a 
shortened G2 phase. Interestingly, I found that pal1∆ cells displayed synthetic 
lethality in combination with wee1-50 at 36°C (Figure 3-12B) and nearly 40% of 
binucleate cells were spherical in shape (Figure 3-12C and D), whereas less than 
6% of binucleate wee1-50 single mutants were spherical in morphology (Figure 
3-12D). I therefore conclude that spherical pal1∆ cells polarize and achieve a 
partially-cylindrical morphology prior to entry into mitosis in a Wee1p dependent 
manner. 
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Figure 3-12. Wee1p is required for the establishment of cylindrical morphology in 
spherical cells of pal1∆.  
(A) Spherical shaped pal1∆ cells repolarize while the Cdc13-YFP signal is present 
in the nucleus. pal1∆ cells expressing Cdc13-YFP were imaged by time-lapse 
laser scanning confocal microscopy on YES medium agar pads at room 
temperature. (B) Wee1p is required for the viability and the repolarization of 
pal1∆ mutant. Wild type, pal1∆, wee1-50, and pal1∆ wee1-50 were streaked on 
YES agar plate and incubated for 2 days at 36°C. (C) Microscopic analysis of 
wee1-50 and pal1∆ wee1-50 mutants. Cells were stained with DAPI to show DNA. 
(D) Quantification of spherical cells with one or two nuclei in pal1∆, wee1-50, 
and pal1∆ wee1-50 mutants. Cultures were grown in YES medium at 24°C to log 
phase and shifted to 36°C for 4 hours. Cell samples were stained with DAPI and at 













3.1.12 Microtubule re-organization might be required for polarization of 
spherical pal1∆ cells 
I have shown that spherically shaped pal1∆ cells polarize in G2 and become 
abnormally shaped with a clearly defined long and short axis prior to septation. I 
noticed that microtubules converged into the newly forming cylindrical 
projections that assemble on the spherical cell bodies (Figure 3-13A). The 
microtubule cytoskeleton is important for ensuring proper antipodal growth, 
although it is not required for the establishment of cylindrical morphology 
(Beinhauer et al., 1997; Mata and Nurse, 1997; Sawin and Nurse, 1998; Browning 
et al., 2000; Sawin and Snaith, 2004). It is possible that microtubules are 
important for the establishment of cylindrical morphology in initially spherical 
pal1∆ cells. To test the role of microtubules during polarization of spherical pal1∆ 
cells, I performed time-lapse microscopy of fluorescent labeled α-tubulin and 
monitored the dynamics of microtubules during formation of the new cell tip in 
spherical pal1∆ cells. Although the microtubules formed a criss-cross structure in 
newly born spherical cells (Figure 3-13B), they re-organized and assembled into 
several bundles along the long axis concomitantly with cylindrical tip formation 
(Figure 3-13B). In addition, drug treatment experiments revealed that pal1∆ cells 
were hypersensitive to low doses of microtubule depolymerizing drug methyl 
1-(butylcarbomyl)-2- benzimidazolecarbamate (8 µg/ml) and that pal1∆ cells were 
mostly spherical under these conditions (Figure 3-13C). These observations 
suggested that the microtubule cytoskeleton is important for the establishment of   
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Figure 3-13. Microtubule re-organization might be required for repolarization of 
spherical pal1∆ cells 
(A) Microtubules converge into the cylindrical projection during the repolarization 
of pal1∆ cells. pal1∆ cells expressing α-tubulin GFP were grown on a minimal 
medium agar pad at room temperature and imaged by confocal microscopy. (B) 
Time-lapse analysis of microtubules during the repolarization of pal1∆ cells. 
pal1∆ cells expressing α-tubulin GFP were grown on a minimal medium agar pad 
at room temperature and imaged by confocal microscopy. (C) Microtubules are 
required for the viability and the repolarization in pal1∆ mutant. (A) Wild type, 
pal1∆, and mad2∆ cells were spotted in 1:10 serial dilution on minimal medium 
agar plates with or without methyl 1-(butylcarbomyl)-2-benzimidazolecarbamate 
(MBC) and were allowed to grow for 2 to 3 days at 32°C (Upper panel). Dimethyl 
sulfoxide (DMSO) added to the growth medium as a control. pal1∆ cells from 
the microcolonies on plates with or without MBC were imaged by light 





cylindrical morphology in spherical mutants such as pal1∆. 
 
3.1.13 Kelch-repeat protein Tea1p is required for polarization of spherical 
pal1∆ cells 
Previous studies have established a strong (but not absolute) requirement for 
the microtubule cytoskeleton in localizing the polarity factor Tea1p (Mata and 
Nurse, 1997; Sawin and Nurse, 1998; Sawin and Snaith, 2004). Tea1p was 
localized in several spots over the cortex in spherical pal1∆ cells and was detected 
at the ends of abnormal as well as normal pal1∆ cells (Figure 3-14A, marked with 
arrows). It was therefore possible that Tea1p was also important in the polarization 
process in spherical pal1∆ cells. To address this question, pal1∆ tea1∆ double 
mutants were constructed. Whereas tea1∆ and pal1∆ cells were capable of growth 
and colony formation at 36°C, the double mutant was unable to form colonies at 
36°C and grew poorly at 30°C (Figure 3-14B). Furthermore, the percentage of 
spherical uninucleate and binucleate cells increased dramatically in the double 
mutants. Whereas less than 1% of binucleate pal1∆ cells were spherical, 
approximately 25% of binucleate pal1∆ tea1∆ cells were spherical at 36°C 
(Figure 3-14C). Time-lapse studies performed with the pal1∆ tea1∆ double 
mutants further confirmed the inability of a majority of spherical double mutants 
to polarize and these cells septated while still spherical (Figure 3-14D). These 
experiments led to two conclusions. First, Tea1p is important for polarization in 
spherical pal1∆ cells. Second, the loss of both Pal1p and Tea1p has a deleterious  
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Figure 3-14. Tea1p is essential for the viability and repolarization of pal1∆ cells.  
(A) Tea1p-YFP is spread over the cortex in spherical pal1∆ cells and localizes at 
tips generated in spherical pal1∆ cells. pal1∆ cells expressing Tea1p-YFP were 
used to visualize the localization of Tea1p-YFP. (B) Wild type, pal1∆, tea1∆, and 
pal1∆ tea1∆ were streaked on YES agar plate and incubated for 2 days at 30°C or 
36°C. (C) Quantification of the percentages of spherical cells with one or two 
nuclei in pal1∆, tea1∆, and pal1∆ tea1∆ mutants. Cultures were grown in YES 
medium at 24°C to log phase and shifted to 36°C for 6 hours. Cell samples were 
stained with DAPI and at least 300 cells were counted for each strain. (D) The 
growth of pal1∆ tea1∆ was imaged by time-lapse light microscopy on YES agar 
pads at room temperature. Time is indicated in minutes from the beginning of 





combinatorial effect, suggesting that the formation of cylindrical morphology is 
important for maximal cell viability. 
 
3.1.14 Co-ordination between mitosis and cytokinesis is altered in spherical 
cells 
Previously, I have shown a deleterious effect upon combining pal1∆ with 
tea1∆. To understand the basis of this lethality, I shifted pal1∆ tea1∆ cells to 36°C, 
fixed and stained with DAPI and aniline blue to visualize nuclei and septa, 
respectively. As controls, pal1∆ and tea1∆ cells were used. I noticed that a high 
proportion of double mutants, but nither of the single mutants, contained both 
DNA masses on one side of the division septum, leading to the production of an 
anucleate and a binucleate compartment. Such abnormally septated cells did not 
separate to produce anucleate and binucleate daughters (Figure 3-15A and B). 
pal1∆, tea1∆ and pal1∆ tea1∆ cells were also fixed and stained with antibodies 
against Cdc4p and β-tubulin to visualize the actomyosin ring and microtubules. 
Normally the actomyosin ring and the anaphase B spindle are aligned at right 
angles to each other. Interestingly, in spherical cells of the double mutant this 
alignment was severely altered and strikingly some spindles did not intersect the 
plane of the actomyosin ring at all (Figure 3-15C) while in other cells the spindle 
was not placed perpendicular to the actomyosin ring. To establish that these 
defects in spatial regulation of cytokinesis were due to a spherical cell shape and 
not due to tea1∆ in the background, a variety of spherical mutants were scored for  
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Figure 3-15. Co-ordination between mitosis and cytokinesis is altered in spherical 
cells.  
(A) Microscopic analysis of pal1∆ tea1∆ cells. Cells were stained with DAPI and 
aniline blue to visualize DNA and septum. Arrowheads indicate the septum. (B) 
Quantification of the percentages of spherical cells with properly positioned 
septum in between two nuclei or misplaced septum. (C) Localization of Cdc4p in 
pal1∆ tea1∆ double mutant. Exponentially growing cells were fixed with 
formaldehyde, processed for immunofluorescence and stained with DAPI to 
visualize DNA, α-Cdc4p to visualize actomyosin ring, and α-TAT1 to visualize 
microtubules. Merge shows that the mitotic spindle (green) is not aligned properly 
with respect to the Cdc4p ring (red). (D) Septum is misplaced in different 
spherical mutants. pal1∆ wee1-50 and orb6-25 wee1-50 mutants were grown in 
YES medium at 24°C and shifted to 36°C for 5 hours. sph2-3 cells were cultured 
in YES medium at 30°C . sla2∆ and pal1∆ tea1∆ mutants were grown in YES 
supplemented with 1.2 M sorbitol at 24°C and shifted to 36°C for 5 hours. Scale 
bar: 5 µm. Except for sorbitol-grown pal1∆ tea1∆, in which abnormal cells were 





coordination of planes of mitosis and cytokinesis (Figure 3-15D). The mutants 
included pal1∆ wee1-50, sph2-3 (Sipiczki et al., 2000), sla2∆, and orb6-25 
wee1-50. I found that the mitotic and cytokinetic planes were not coordinated in 
spherical cells that were genotypically tea1+ as well as tea1-, although the extent 
of defects varied in these strains. Finally, defective spatial regulation of 
cytokinesis in the pal1∆ tea1∆ double mutant was almost completely suppressed 
by growth in medium containing sorbitol (Figure 3-15D). These experiments 
suggested that a spherical morphology does not allow for optimal spatial 
regulation of cytokinesis. 
 
3.2 Discussion 
3.2.1 Pal1p is a novel fission yeast protein that localizes to the growing cell 
ends and the division site 
I identified Pal1p as a relative of the budding yeast uncharacterized ORF, 
YDR348c, which has been shown to localize to the bud neck (Huh et al., 2003). 
Pal1p related proteins are found in fungi, but not in plants or metazoans. As with 
the budding yeast YDR348c gene product, Pal1p is also detected at the cell 
division site. Interestingly, Pal1p is also detected at the growing ends of the cell. 
The localization of Pal1p is independent of F-actin and microtubule functions. The 
localization of Pal1p to the growing ends was established by its restriction to the 
growing end in cells growing in a monopolar fashion and to both ends in G2 
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arrested cdc25-22 cells that grow in a bipolar fashion. The localization of Pal1p to 
the ectopic cell ends generated in a tea1∆ mutant and the localization of Pal1p to a 
larger region of the cell cortex in spherically shaped cells with no clear long and 
short axis further established that Pal1p was associated with the growth zones. 
Thus, Pal1p might either mark the growth sites, or be a part of the growth 
machinery itself in addition to marking the growth zones. Pal1p also localizes to 
the zone of cell fusion in mating cells. Thus, Pal1p function is associated with 
polarized growth during the vegetative life cycle and during cell fusion prior to 
meiosis. 
Although the Pal1p sequence does not contain obvious signal sequences or 
prenylation motifs, Pal1p-GFP localization experiments suggested that Pal1p 
might be closely associated with the plasma membrane at the cell ends and the 
division site. Consistent with this, Pal1p was found in the membrane fraction in 
centrifugation experiments. The intracellular localization of Pal1p is very similar 
to the distribution of sterols in fission yeast (Wachtler et al., 2003; Takeda et al., 
2004). Sterol rich membrane-domains, termed lipid-rafts, are insoluble when 
extracted with buffers containing Triton X-100. I have been unable to ascertain the 
molecular mechanism of membrane association of Pal1p and if Pal1p is a 
component of lipid-rafts, given that Pal1p is only partially solublized in buffers 
containing urea, bicarbonate and salt (unpublished observations) and is largely 
solublized by treatment with Triton X-100. 
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3.2.2 Pal1p and sla2p are important for the maintenance of a cylindrical 
shape and control cell wall integrity 
Cells deleted for pal1 display morphological abnormalities, suggesting a role 
for Pal1p in the maintenance of cylindrical cell morphology. Cells deleted for pal1 
are largely pear-shaped, although spherical morphology is also commonly 
observed. What role might Pal1p play in cellular morphogenesis? The cell wall of 
budding and fission yeast cells plays a key role in the establishment of proper cell 
morphology. Furthermore, several spherical mutants define proteins important for 
cell wall metabolism in fission yeast (Ribas et al., 1991; Arellano et al., 1996; 
Hochstenbach et al., 1998; Katayama et al., 1999; Martin et al., 2003). I have 
shown abnormalities in the cell wall of pal1∆ cells by electron microscopy. 
Excessive deposition of cell wall material was revealed when thin sections were 
examined by electron microscopy. Although excessive cell wall deposition is 
observed in pal1∆ cells, it is likely that the cell wall is structurally defective. This 
is due to our observation that the deleterious consequences resulting from loss of 
Pal1p are effectively rescued by exogenous addition of sorbitol. 
I have shown that Pal1p interacts with the Huntingtin-interacting-protein 
(Hip1;(Wanker et al., 1997)) related molecule Sla2p/End4p in 
co-immunoprecipitation experiments. I roughly estimate that 5-10% of soluble 
pools of Sla2p and Pal1p associate based on the co-immunoprecipitation assay, 
although it is unclear if the antibodies or buffer conditions destabilize the 
interaction. Sla2p localizes to the regions of cell growth and division and is 
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required for establishment and maintenance of a cylindrical morphology (this 
study and Castagnetti et al., 2005). I have also shown that cells deleted for sla2 
display reduced cell wall integrity and the growth and morphological phenotype 
of sla2∆ is suppressed by growth on sorbitol medium. Furthermore, cell walls of 
sla2∆ cells, like pal1∆ cells, were thicker in appearance when studied by electron 
microscopy. Interestingly, the budding yeast sla2∆ also displays a thickened cell 
wall phenotype similar to S. pombe pal1∆ (Mulholland et al., 1997; Gourlay et al., 
2003). Proteins related to Sla2p have been proposed to recruit additional 
molecules such as Sla1p leading to Arp2/3 dependent polarized actin assembly (Li, 
1997; Warren et al., 2002; Gourlay et al., 2003). It is therefore possible that Sla2p 
and Pal1p play a role in recruiting other proteins to the cell tips and the cell 
equator to aid F-actin assembly and to establish and maintain cylindrical 
morphology by remodeling of the cell wall. Alternatively, it is possible that Pal1p 
and Sla2p might be important for positioning the growth machinery, loss of which 
leads to targeting of the growth and the cell wall synthesizing machineries to 
improper sites and might not directly influence F-actin function. In both cases, 
Pal1p might provide a link between cellular membranes and cell polarization, 
given that part of Pal1p is membrane-associated. In this context, it is interesting to 
note that the ANTH domain of budding yeast Sla2p interacts with membrane 
lipids such as phosphoinositide (4,5) bis-phosphate (Sun et al., 2005). Future 
studies should examine the regions of Pal1p and Sla2p that interact with each 
other as well as with cellular membranes. 
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3.2.3 Pal1p appears to function downstream of Sla2p 
I have shown that Pal1p and Sla2p localize to the sites of polarized growth and 
division in an actin and microtubule independent manner (this study for Pal1p and 
this study and Castagnetti et al., 2005, for Sla2p). I have also shown that whereas 
Sla2p localizes normally in pal1∆ cells, Pal1p localization is altered in cylindrical 
and abnormal sla2∆ cells. Thus, Pal1p localization depends on Sla2p function and 
might function downstream of Sla2p. Consistent with this idea, I have shown that 
overproduction of Pal1p suppresses the colony formation defect of sla2∆ cells at 
36°C. The fission yeast and budding yeast Sla2 proteins are required for 
endocytosis ((Holtzman et al., 1993; Wesp et al., 1997; Gourlay et al., 2003; 
Iwaki et al., 2004)and this study). Furthermore, Hip1R has been shown to interact 
with the endocytic protein clathrin in mammalian cells (Engqvist-Goldstein et al., 
1999). Consistently with this, I have shown that the fission yeast Sla2p interacts 
with the clathrin light chain Clc1p. Cells deleted for pal1, however, are not 
defective for endocytosis as assayed by the uptake of the lipophilic dye FM4-64. 
Additionally, over-production of Pal1p suppresses the colony formation and 
morphogenetic defects of sla2∆ cells, but not its endocytosis defects (data not 
shown). Thus, it is likely that Pal1p is downstream of Sla2p only for a subset of 
functions of Sla2p. I have also shown that sla2∆ cells overproducing Pal1p are 
defective in new end growth as suggested recently by Castagnetti et al., 2005. 
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Additional studies are required to ascertain if the Sla2p-Pal1p module functions 
largely to regulate old end growth. 
 
3.2.4 Polarization of spherical pal1∆ cells involves microtubules and the 
Kelch-repeat protein Tea1p 
Although Pal1p is important for establishment of a cylindrical morphology, the 
proportion of pal1∆ cells that are spherical is low (approximately 5%). 
Interestingly, spherical pal1∆ cells with two nuclei are only rarely observed. These 
observations suggested that upon loss of Pal1p function, a second pathway might 
compensate for its loss and allow polarization. Consistent with this, the majority 
of pal1∆ cells are pear-like in appearance. Strikingly, the shape change from 
spherical to pear-like is accompanied by the re-organization of microtubules. I 
have also shown that pal1∆ mutant cells are hypersensitive to low dose of MBC. 
The importance of microtubules for the viability of pal1∆ mutant cells indirectly 
points out the spherical cells are unable to re-establish the cylindrical cell shape in 
the absence of microtubules. It is possible that microtubules play a leading role in 
the selection of polarization site. In addition, I have shown that the shape change 
depends on Tea1p and occurs by formation of a “tip” at or near the new end 
generated by the previous septation event. In the absence of Tea1p, which is 
known to be important for new-end growth, spherical pal1∆ cells are unable to 
carry out tip growth and over several generations the vast majority of cells 
accumulate and die with a spherical morphology. A similar mechanism also 
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operates to alter the morphology of spherical cells of other orb mutants such as 
orb3-167, ras1∆, and sph2-3 (TGC, WG, and MKB, unpublished observations), 
suggesting that the shape correction is not unique to pal1∆. Several orb mutants 
also exhibit synthetic lethal interactions with tea1∆ mutants (orb3-167; TGC, WG, 
and MKB, unpublished; scd1∆ and ras1∆; described by Papadaki et al., 2002). 
Thus, I propose that microtubules and Tea1p become essential in spherical cells 
and that “tip” formation is the equivalent of new end growth in such spherical 
cells. My studies are consistent with the proposal of multiple pathways of cell 
polarization (Feierbach et al., 2004) and with recent studies of Sawin and Snaith 
(2004), suggesting a role for Tea1p in resetting polarity. 
Previous studies have shown that Tea1p and microtubules are important for 
proper antipodal growth of fission yeast cells (Mata and Nurse, 1997; Sawin and 
Nurse, 1998; Sawin and Snaith, 2004), although they are not required for 
establishment of the cylindrical morphology per se (Sawin and Snaith, 2004). It is 
likely that Tea1p plays a major role in targeting the growth machinery to the tips 
generated in spherically born pal1∆ cells. An attractive possibility is that 
stochastic accumulation of Tea1p at the cell cortex to “critical” levels might allow 
F-actin and cell wall assembly, leading to tip growth. While it seems likely that 
other molecules involved in microtubule-based polarization, such as Tip1p, Mal3p, 
Tea2p, Pom1p, Tea3p, Tea4p (Arellano et al., 1996; Bahler and Pringle, 1998; 
Browning et al., 2000; Brunner and Nurse, 2000; Browning et al., 2003; Busch 
and Brunner, 2004; Martin et al., 2005) should become essential when cylindrical 
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morphology is compromised, future studies should establish if this is indeed the 
case.  
 
3.2.5 Spherical morphology leads to loss of spatial regulation of cytokinesis 
I have shown that pal1∆ tea1∆ double mutants are unable to form colonies 
under conditions in which both single deletion strains are capable of colony 
formation. Double mutants of the genotypes scd1∆ tea1∆ and ras1∆ tea1∆ have 
also been shown to display a synthetic lethal defect although the basis of this 
lethality has not been fully characterized (Papadaki et al., 2002). I have shown 
that the spherical pal1∆ tea1∆ cells are unable to spatially coordinate mitosis and 
cytokinesis frequently, leading to the formation of a septated-binucleate cell in 
which both nuclei are placed on one side of the septum. Such defects are observed 
in spherical cells that are genotypically tea1+ (pal1∆ wee1-50, sla2∆, sph2-3, 
orb6-25 wee1-50) as well as tea1- (pal1∆ tea1∆ and orb3-167 tea1∆; data not 
shown for orb3-167 tea1∆). Furthermore, less than 5% of cytokinetic events are 
spatially impaired in pal1∆ tea1∆ cells, whose morphology is suppressed in 
medium containing the osmolyte sorbitol. I propose that it is the spherical shape, 
rather than the absence of Tea1p that leads to the observed defects in spatial 
regulation of cytokinesis, although a role for Tea1p in ring positioning in certain 
genetic backgrounds cannot be ruled out, given the low percentage of cells with 
spatial defects in cytokinesis in sorbitol suppressed pal1∆ tea1∆ mutants. It is 
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likely that the lethality of spherical mutants defining essential genes (such as mor2, 
orb6, mob2, bgs3, etc) might in part result from defective spatial coordination of 
cytokinesis, in addition to possible defects in cell wall assembly (Verde et al., 
1998; Hirata et al., 2002; Hou et al., 2003; Martin et al., 2003). Interestingly, 
mutants defining genes important for division site placement, such as mid1∆ and 
pom1∆ (Chang et al., 1996; Sohrmann et al., 1996; Bahler and Pringle, 1998) are 
viable. It is possible that the cylindrical morphology of cells of the division site 
selection mutants (such as mid1∆ and pom1∆) might largely ensure that mitotic 
events lead to the production of daughters with one nucleus each. 
 
3.2.6 Spherical morphology and the cell cycle 
I have shown that spherical pal1∆ cells polarize in interphase, since polarizing 
cells contain an interphase array of microtubules and cyclin B (Cdc13p) is 
detected in the nucleus, as opposed to its presence on the spindle (metaphase) or 
lack of detectable localization (anaphase). I have also shown that shortening of G2 
utilizing a wee1 mutation, leads to an increase in the number of spherical mitotic 
cells and lethality. Previous studies have shown that spherical S. pombe mutants, 
such as mor2, and orb6 (Verde et al., 1998; Hirata et al., 2002) are delayed in G2 
in a Wee1p dependent manner. This has been proposed to signify a morphogenesis 
checkpoint, although the functional end point of this checkpoint mechanism has 
not been fully explored. An attractive possibility is that some aspect of 
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morphogenesis inactivates Wee1p leading to entry into mitosis as has been 
proposed from studies in budding yeast (Lew, 2003). The formation of a tip might 
represent such a morphogenetic event that relieves the G2 delay. Future studies 
should assess if pal1∆ cells are delayed in G2 until tip formation and if tip 




4 CHAPTER IV  PXL1P, A PAXILLIN-RELATED PROTEIN, 
STABILIZES THE ACTOMYOSIN RING DURING CYTOKINESIS IN 
FISSION YEAST 
 
In this chapter, I report the identification and characterization of a novel 
paxillin-related protein Pxl1p in fission yeast. I show that Pxl1p localizes to the 
division site and is a novel component of the actomyosin ring, which is a crutial 
structure for cytokinesis. pxl1∆ cells display defects in cytokinesis during which 
two daughter cells are unable to separate efficiently. By using genetic analysis and 
live cell imaging approach, I found that Pxl1p is important for the integrity of the 
actomyosin ring as well as for its proper constriction. Further studies indicate that 
Pxl1p regulates actomyosin ring function by interacting with myosin II and the 
IQGAP-related protein Rng2p. Based on these results, I propose that Pxl1p 
functions to stabilize the actomyosin ring during cytokinesis in fission yeast.   
 
4.1 Results 
4.1.1 The S. pombe pxl1 gene encodes a LIM domain containing 
Paxillin-related protein 
Pxl1p (encoded by SPBC4F6.12) was identified from the S. pombe genome  
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database based on its amino acid sequence similarity to the paxillin-like protein 
Pxl1p in Saccharomyces cerevisiae (Gao et al., 2004; Mackin et al., 2004). 
Paxillin is a multidomain adaptor protein involved in focal adhesion signaling, 
which links the extracellular signals to reorganization of the the actin cytoskeleton 
inside the cell (Brown and Turner, 2004). Figure 4-1A shows the alignment of the 
amino acid sequence of Pxl1p from S. pombe and S. cerevisiae, as well as paxillin 
from chicken. LIM (Lin-11, Isl-1, Mec-3) domains are highly conserved 
double-zinc finger motifs present at the C-termini of paxillin family proteins, and 
they contain the consensus sequence C-x(2)-C-x(16,23)-H-x(2)-[CH]-x(2)-C-x(2) 
-C-x(16,21)-C-x(2,3)-[CHD], where x is any amino acid (Freyd et al., 1990; 
Michelsen et al., 1993). Similar to other proteins in the paxillin family, Pxl1p has 
three LIM domains at its C-terminal region, located between residue 258 and 309, 
318 and 360, and 378 and 428 (Figure 4-1B). However, no obvious conservation 
was detected between the N-terminal parts of these proteins. 
 
4.1.2 Pxl1p localizes to the division site during cytokinesis 
To determine the intracellular localization of Pxl1p, I made a pxl1-5Gly-GFP 
strain (referred to as pxl1-GFP, whose expression was under control of the native 
promoter sequence) in which a pentaglycine linker and the green fluorescence 
protein sequence were fused to the C-terminal part of the pxl1 coding sequence.  
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Figure 4-1. Pxl1p is a paxillin-related protein in fission yeast. 
(A) Sequence alignment between Pxl1p and its related proteins. ClustalW (1.82) 
and Boxshade (3.21) programs were used for multiple sequence alignment and 
shading, respectively. Identical residues are shaded in black and conservative 
substitutions are shaded in grey. Sp, Schizosaccharomyces pombe; Sc, 
Saccharomyces cerevisiae; Gg, Gallus gallus. (B) Schematic representation of 
Pxl1p showing three C-terminal LIM domains. The location and amino acid 






Pxlp-GFP was detected at the division site in cells undergoing cytokinesis (Figure 
4-2A). Localization of Pxl1p is different from that of its budding yeast homolog 
Pxl1p, which localizes to both polarized growth sites and the cell division plane 
(Gao et al., 2004; Mackin et al., 2004). The intracellular distribution of Pxl1p was 
reminiscent of the components of the contractile actomyosin ring. To address if 
Pxl1p assembled into a ring structure I used confocal microscopy and acquired 
Z-section images of cells expressing pxl1-GFP. Three-dimensional reconstruction 
of these images showed that Pxl1p-GFP indeed formed ring structures of varying 
diameters in cells undergoing cytokinesis (Figure 4-2B, cell a displays a larger 
ring while cell b displays a smaller ring). Based on this observation, Pxl1p-GFP 
appeared to form a contractile ring structure during cytokinesis. To test this 
possibility, I monitored the dynamics of Pxl1p-GFP by time-lapse confocal 
microscopy using a fission yeast strain expressing pxl1-GFP and sid4-GFP, a 
spindle pole body protein that served as a marker for cell cycle progression 
(Chang and Gould, 2000). Time-lapse imaging showed that Pxl1p-GFP 
accumulated at the division site and constricted during septation (Figure 4-2C). 
Although the myosin light chain Cdc4p assembled into a ring structure earlier than 
Pxl1p (Figure 4-2D, cells a and b), these proteins colocalized during late stages of 
mitosis and cytokinesis (Figure 4-2D, cells c to f). Taken together, these data 
indicated that Pxl1p localizes to the division site as a ring that constricts during 
cytokinesis. 
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Figure 4-2. Pxl1p localizes to the division site in cells undergoing cytokinesis. 
(A) Localization of Pxl1p in wild-type cells. Cells expressing pxl1-GFP were 
grown in YES medium at 24ºC and visualized by confocal microscopy. (B) 
Pxl1p-GFP forms a ring structure. Z-stack images were taken for two individual 
cells from (A) and processed for 3D reconstruction, and the obtained images are 
shown at different angles. (C) The Pxlp ring constricts during cytokinesis. Cells 
expressing pxl1-GFP sid4-GFP were grown on a YES agar pad at 24ºC and 
visualized by time-lapse confocal microscopy, and Z-stack images were taken at 
different time points. 3D reconstruction images with maximal projection are 
shown. (D) Colocalization of Pxl1p and Cdc4p at late stages of cytokinesis. Cells 
expressing pxl1-GFP were grown in YES medium at 24ºC, and samples were 
fixed and stained with DAPI, α-GFP antibodies and α-cdc4 antibodies to visualize 
nuclei, Pxl1p and Cdc4p, respectively. Time is indicated in min::sec. BF, bright 






4.1.3 Localization of Pxl1p is dependent on F-actin and the integrity of the 
actomyosin ring 
Since Pxl1p localizes to the division site and appears to be one component of 
the actomyosin ring, I asked whether the actin cytoskeleton and other actomyosin 
ring components were required for its localization to the medial ring. To test the 
role of F-actin in Pxl1p localization, I synchronized cdc25-22 cells expressing 
pxl1-GFP at G2/M by shifting cell culture to the restrictive temperature of 36ºC 
for 3.5 hours, and synchronously released to the permissive temperature of 24ºC 
in the presence of Latrunculin A (LatA), which prevents actin polymerization 
(DMSO was used as a solvent control). After one hour, the Pxl1p-GFP signal 
appeared in the medial region in most cells treated with DMSO, but this signal 
was not detected in the medial cortex of cells treated with LatA (Figure 4-3A). In 
addition, although Pxl1p was able to localize to actomyosin rings in wild-type 
cells cultured at 36ºC, Pxl1p was unable to localize to the medial cortex in 
cdc3-124 (profilin), cdc12-112 (formin), cdc15-140 (F-BAR / FCH domain 
protein), rng2-D5 (IQGAP-related), and myo2-E1 (type II myosin heavy chain) 
mutants cultured at 36ºC (Figure 4-3B). These data suggested that the actin 
cytoskeleton and a stable actomyosin ring are essential for the accumulation of 
Pxl1p at the division site. Pxl1p localized normally in cells treated with brefeldin 
A (an inhibitor of vesicle trafficking) and in cells lacking microtubules (Figure 
4-3C). Collectively, my experiments indicated that Pxl1p localizes to the division  
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Figure 4-3. Localization of Pxl1p depends on F-actin and essential components of 
the acytomyosin ring. 
(A) F-actin is required for the medial localization of Pxl1p. cdc25-22 cells 
expressing pxl1-GFP were grown at 24ºC and shifted to 36ºC for 3.5 hours to 
block cells at G2, then released to 24ºC for 1 hour in the presence of Latrunculin A 
(Lat-A) or DMSO. (B) Mutations in several components of the actomyosin ring 
disrupt Pxl1p distribution in the division site. Wild type and mutant cells such as 
cdc3-124, cdc12-112, cdc15-140, rng2-D5 and myo2-E1 expressing pxl1-GFP 
were grown at 24ºC and shifted to 36ºC for 3 to 4 hours. Images were taken both 
at 24ºC and 36ºC. (C) Localization of Pxl1p is independent of vesicle trafficking 
and microtubules. Left panel: cdc25-22 cells expressing pxl1-GFP were treated 
similarly as (A) except for release in the presence of Brefeldin A (BFA) or ethanol. 
Right panel: nda3-KM311 cells expressing pxl1-GFP were grown at 32ºC and 





site in a vesicle trafficking and microtubule-independent manner and requires 
F-actin and other actomyosin ring proteins for its assembly at the division site. 
 
4.1.4 pxl1∆ cells display cell separation defects 
To understand the function of Pxl1p in S. pombe, a pxl1 deletion strain 
(referred to as pxl1∆hereafter) was generated using PCR-based homologous 
recombination. The entire pxl1 open reading frame was deleted and replaced with 
the ura4+ marker. Cells lacking Pxl1p were viable and did not show any obvious 
growth defect on agar plates or in liquid medium at temperatures ranging from 
24°C to 36°C. Microscopic observation, however, revealed that the percentage of 
septated cells was significantly higher in pxl1∆ cells, compared to wild-type cells, 
suggesting a role for Pxl1p in cell separation (Figure 4-4A). To analyze this cell 
separation phenotype more carefully, I stained wild-type and pxl1∆ cells with 
DAPI and aniline blue to visualize nuclei and septum, respectively, and quantified 
the percentage of cells with septa as well as the number(s) of septa in individual 
cells. Interestingly, while only 13% of asynchronously growing wild-type cells 
possessed a septum, 42% of pxl1∆ cells displayed one septum and 3% of pxl1∆ 
cells had two or three septa under the same conditions (Figure 4-4B). Figure 4-4C 
shows several examples of pxl1∆ mutant cells stained with DAPI and aniline blue. 
I also noticed that the cell separation phenotype varied at different temperatures 
and was much stronger when grown in fresh medium after re-inoculation
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Figure 4-4. pxl1∆ cells have cell separation defects. 
(A) Cell separation defects in pxl1∆ mutant. Wild-type and pxl1∆ mutant cells 
were grown in YES medium at 24ºC and observed by light microscopy. (B) 
Quantification of the percentage of cells with septa as well as the number(s) of 
septa in wild-type and pxl1∆ mutant cells (n=500). (C) Examples of abnormal 
cells in the pxl1∆ mutant. pxl1∆ cells were grown at 24ºC, and samples were fixed 
and stained with aniline blue and DAPI to visualize septa and nuclei, respectively. 





(unpublished data). From these observations, I concluded that Pxl1p is required 
for efficient cell separation in S. pombe. 
 
4.1.5 Cell separation machinery is normal in pxl1∆ mutant 
The phenotype of pxl1∆ cells is similar to that of mutants defective in known 
components of the cell separation machinery, such as septins, Mid2p, Agn1p, and 
Eng1p (Berlin et al., 2003; Martin-Cuadrado et al., 2003; Tasto et al., 2003; 
Dekker et al., 2004; Garcia et al., 2005; Martin-Cuadrado et al., 2005). Since the 
septin ring structure is important for physical separation of S. pombe cells, I first 
examined the distribution of septin proteins in pxl1∆ mutant cells. A pxl1∆ strain 
expressing Spn1p-GFP fusion protein was generated and the localization of 
Spn1p-GFP was examined by confocal microscopy. I found that the Spn1p-GFP, 
which localizes to single or double rings in wild-type cells, was unaffected in 
pxl1∆ mutant cells (Figure 4-5A). Furthermore, the septin rings in wild-type and 
pxl1∆ cells did not show any obvious differences in stability (Figure 4-5B). 
Localization of Mid2p, a protein that regulates septin dynamics, was also 
unaffected in cells deleted for pxl1 (Figure 4-5C). These data together suggest that 
the septin ring and its regulators are organized properly in pxl1∆ cells. The 
glucanases Agn1p and Eng1p localize to the division site following septation and 
are important for degradation of the primary septum and cell separation. I found 
that the localization of both Agn1p and Eng1p was unaffected in pxl1∆ cells  
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Figure 4-5. Localization of several components of cell separation machinery is 
normal in pxl1∆ mutant cells. 
(A) Spn1p localization is normal in pxl1∆ mutant cells. Wild-type and pxl1∆ 
mutant cells expressing spn1-GFP were grown at 24ºC and observed by confocal 
microscopy. (B) Spn1p ring dynamics are normal in pxl1∆ mutant cells. Wild-type 
and pxl1∆ mutant cells expressing spn1-GFP were observed by time-lapse 
confocal microscopy, and Z-stack images were taken at different time points. 3D 
reconstruction images are shown at an angle of 45º. (C) Mid2p localization is 
normal in pxl1∆ mutant cells. Wild-type and pxl1∆ mutant cells expressing 
mid2-GFP were grown at 24ºC and observed by confocal microscopy. (D) Agn1p 
and Eng1p localize to the medial region in pxl1∆ mutant cells. Wild-type and 
pxl1∆ cells expressing agn1-GFP or eng1-GFP were grown on an agar plate and 






(Figure 4-5D and E). These observations established that pxl1∆ cells are not 
defective in localizing several known components of the cell separation 
machinery. 
 
4.1.6 Cell separation defects might arise from compromised actomyosin ring 
function in pxl1∆ mutant 
I then set out to understand the basis of the cell separation defects in pxl1∆ 
cells. Previous studies have shown that a defect in cell separation can arise from 
mutations that partially affect assembly and/or function of the actomyosin ring. 
For instance, cells defective for the type II myosin heavy chain Myp2p and the 
myosin regulatory light chain Rlc1p exhibit a strong defect in cell separation that 
arises from improper assembly and function of the actomyosin ring (Bezanilla et 
al., 1997; Motegi et al., 1997; Le Goff et al., 2000; Naqvi et al., 2000). I therefore 
considered the possibility that pxl1∆ cells might be defective for actomyosin ring 
function. Previous studies have shown the protein phosphatase Clp1p plays an 
essential role in promoting fidelity of cytokinesis in cells in which the cytokinetic 
machinery is partially compromised (Cueille et al., 2001; Trautmann et al., 2001; 
Mishra et al., 2004). For example, although cells lacking Myp2p or Rlc1p are 
viable, loss of these proteins in the absence of Clp1p function leads to a strong and 
deleterious effect characterized by the accumulation of multinucleate cells and 
lethality (Mishra et al., 2004). I therefore tested if combined loss of Pxl1p and 
Clp1p led to a synthetic interaction. To this end I created double mutants lacking 
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both Pxl1p and Clp1p. Interestingly, I found that the double mutant grew more 
slowly compared to either single mutant (unpublished data). To examine the 
phenotype of the double mutants closely, these cells were grown in YES plus 
1.2M sorbitol medium, and fixed and stained with aniline blue and DAPI. I found 
that 37% of the pxl1∆ clp1∆ double mutant cells accumulated more than four 
nuclei in one compartment (n=500), which was never found in either of the single 
mutants (Figure 4-6A). Other cell separation mutants such as ace2∆ did not 
display deleterious interactions with clp1∆ mutants (Figure 4-6B). These genetic 
studies indirectly pointed to a role for Pxl1p in actomyosin ring function. 
 
4.1.7 Pxl1p is important for actomyosin ring integrity during cytokinesis 
Genetic evidence from the pxl1∆ clp1∆ double mutant revealed that the 
actomyosin ring was not fully functional in pxl1∆ mutant cells. I therefore 
investigated the organization of the actomyosin rings in pxl1∆ cells. To visualize 
the actomyosin ring I introduced rlc1-GFP into the pxl1∆ mutant (Naqvi et al., 
2000). Interestingly, I found that organization of Rlc1p-GFP was abnormal 
compared with wild-type cells. In wild-type cells, Rlc1p-GFP appeared as a broad 
band or a single ring structure in the medial region of the cell (Figure 4-7A). 
However, in pxl1∆ mutant cells, Rlc1p-GFP frequently appeared as a double ring 
structure (Figure 4-7A). Quantification showed that 15% of cells undergoing 
cytokinesis displayed this double ring structure that was never observed in  
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Figure 4-6. pxl1∆ displays genetic interaction with clp1∆. 
(A) pxl1∆ clp1∆ double mutant cells accumulate multiple nuclei in the same 
compartment. Cells of indicated genotypes were grown in YES medium (or YES 
plus 1.2 M sorbitol medium) at 24ºC. Samples were fixed and stained with aniline 
blue and DAPI to visualize septa and nuclei, respectively. (B) ace2∆ clp1∆ double 
mutant cells do not accumulate multiple nuclei in the same compartment. Cells of 





Figure 4-7. pxl1∆ cells have a defect in the organization of the actomyosin ring. 
(A) pxl1∆ mutant cells have a double ring structure. Wild-type and pxl1∆ mutant 
cells expressing rlc1-GFP were grown at 24ºC and observed by confocal 
microscopy. (B) pxl1∆ mutant cells have a single unconstricted ring at early 
mitosis and a double ring at late stages. Individual cells from (A) were observed 
by confocal microscopy, Z-stack images were taken and 3D reconstruction images 
are shown at different angles. Cells a and c, early stage. Cells b and d, late stage. 
Arrow indicates the primary ring and star indicates the secondary ring. (C) Cdc4p 
and F-actin are present in the double ring structure. pxl1∆ cells were grown in 
YES medium at 24ºC. Samples were fixed and stained with DAPI, α-cdc4 
antibodies and phalloidin to visualize nuclei, Cdc4p and F-actin, respectively. (D) 
Formation of the secondary ring structure in pxl1∆ mutant cells. Wild-type cells 
expressing rlc1-GFP were grown at 24ºC and observed by time-lapse confocal 
microscopy (a). pxl1∆ cells expressing rlc1-GFP were treated and observed as 
above (b and c). Arrow indicates the appearance of the secondary ring structure. 
(E) Formation of metaphase actomyosin ring is normal in pxl1∆ mutant cells. 
nda3-KM31 and nda3-KM311 pxl1∆ cells expressing rlc1-GFP were grown at 
32ºC to log-phase and shifted to 19ºC for 6.5 hours to arrest cells at metaphase. 
Images were taken by fluorescence microscopy. (F) Quantification of the number 
of metaphase actomyosin rings in wild-type and pxl1∆ mutant cells. Cells from (E) 
were quantified for the presence of actomyosin rings (n=200). Time is indicated in 





wild-type cells (n=100). Closer examination by confocal microscopy also showed 
that pxl1∆ cells had only a single unconstricted actomyosin ring in early mitosis, 
which is similar to wild cells (Figure 4-7B, cells a and c). However, at later stages 
of the cell cycle, pxl1∆ cells contained one constricting ring and one unconstricted 
ring, positioned close to each other (Figure 4-7B, cells b and d). In the remainder 
of the study, I refer to the constricting ring as the primary ring (arrow in Figure 
4-7B, cell d), and the unconstricted ring as the secondary ring (star in Figure 4-7B, 
cell d). 
In fission yeast, the actomyosin ring structure is composed of more than 20 
proteins, including F-actin (Wu et al., 2003; Balasubramanian et al., 2004). I 
therefore wondered whether the secondary ring structure also contains F-actin. To 
this end, I performed immunofluorescence studies to observe Cdc4p (the essential 
light chain of myosin II (McCollum et al., 1995)) and F-actin simultaneously in 
pxl1∆ mutant cells. DAPI, α-cdc4 antibodies and phalloidin were used to visualize 
nuclei, Cdc4p and F-actin, respectively. I observed that both Cdc4p and F-actin 
were present in the primary and secondary ring structures in pxl1∆ mutant cells 
(Figure 4-7C). This suggested that the secondary ring structure indeed contains 
F-actin and myosin. 
This unusual appearance of a double ring structure in pxl1∆cells suggested 
two possibilities. It was possible that the secondary ring was assembled de novo. 
Alternatively, it was possible that splitting of a fully formed actomyosin ring 
generated the secondary ring. To distinguish between these possibilities, I 
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monitored the dynamics of the actomyosin ring during the cell cycle by time-lapse 
microscopy in wild-type and pxl1∆ cells. In wild-type cells, actomyosin rings 
assembled early in mitosis and underwent orderly constriction upon mitotic exit 
(Figure 4-7D, cell a). Interestingly, in pxl1∆ cells, although assembly of the 
actomyosin ring occurred as in wild-type cells, these rings were found to split 
concomitant with initiation of constriction of the fully formed ring leading to the 
formation of the primary (constricting) and secondary (unconstricted) rings 
(Figure 4-7D, cell b). I also observed that the secondary ring was disassembled at 
later time points (Figure 4-7D, cell c). These results indicated that the Pxl1p is 
required to maintain integrity of the actomyosin ring during its constriction. The 
observation that metaphase arrested pxl1∆, like metaphase arrested wild-type cells, 
assembled normal actomyosin rings (Figure 4-7E and F), further indicated that 
Pxl1p function might be important only during later stages of cytokinesis. 
 
4.1.8 Assessment of localization of various cytokinetic proteins to the 
secondary rings 
I then tested whether several proteins known to regulate various steps of 
cytokinesis localized to the secondary rings during constriction of the primary ring. 
Mid1p, a PH domain protein known to be important for ring positioning, localizes 
to the ring prior to constriction and localizes to the nucleus during ring 
constriction (Chang et al., 1996; Sohrmann et al., 1996; Paoletti and Chang, 2000). 
In pxl1∆ cells, Mid1p was detected in the nucleus during constriction of the 
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primary ring and was not detected in the secondary ring (Figure 4-8A). Previous 
studies have shown that the Cdc7p-kinase localized to one spindle pole body 
during later stages of cytokinesis (Sohrmann et al., 1998; Krapp et al., 2004). 
Given the presence of two rings in pxl1∆ cells I assessed if Cdc7p was found 
proximal to either the primary or secondary rings. Cdc7p was randomly 
distributed with respect to the primary rings (Figure 4-8B; out of 11 cells counted 
Cdc7p was proximal to the primary ring in 6 cases and to the secondary ring in 5 
cases). Two components of the cell separation apparatus (Spn1p-septin, which 
assembles double rings) (Berlin et al., 2003; Tasto et al., 2003) and Agn1p 
(α-glucanase) (Dekker et al., 2004; Garcia et al., 2005) were only found in the 
vicinity of the primary ring and were not obviously visualized near the secondary 
rings (Figure 4-8C and D). These experiments established that upon constriction 
of the primary ring, the secondary ring remained “inert” and did not undergo 
constriction and nor support accumulation of proteins acting in late steps in 
cytokinesis. 
 
4.1.9 Pxl1p regulates actomyosin ring constriction and exhibits genetic 
interactions with type II myosin 
Asynchronous cultures of pxl1∆ are enriched for septating/septated cells. 
Since pxl1∆ cells were not defective in the localization of several cell separation 
molecules, I considered the possibility that Pxl1p might be important for optimal 
constriction of the actomyosin ring. If this were true, the percentage of cells with  
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Figure 4-8. Assessment of localization of various cytokinetic proteins to the 
secondary rings in pxl1∆ mutant cells. 
(A) Mid1p localizes to the nucleus during the primary ring constriction in pxl1∆ 
mutant cells. pxl1∆ cells expressing rlc1-mcherry mid1-4GFP were grown at 24ºC 
to log-phase. Samples were taken and observed by fluorescence microscopy. (B) 
Cdc7p was distributed randomly with respect to the primary rings in pxl1∆ mutant 
cells. pxl1∆ cells expressing rlc1-GFP cdc7-GFP were grown at 24ºC to 
log-phase. Samples were taken and observed by confocal laser microscopy. 
Z-stack images were taken and 3D reconstruction images with maximal projection 
are shown. (C) Spn1p localizes to the primary ring in pxl1∆ mutant cells. pxl1∆ 
cells expressing rlc1-mcherry spn1-GFP were treated as (A). (D) Agn1p localizes 
to the primary ring in pxl1∆ mutant cells. pxl1∆ cells expressing rlc1-mcherry 





an actomyosin ring would be higher in mutant cells. In wild-type cells, 21% of 
cells from an asynchronous culture displayed an actomyosin ring. Interestingly, 
however, the percentage of pxl1∆ cells with an actomyosin ring was increased to 
49% (Figure 4-9A). The presence of a higher proportion of cells with rings was 
consistent with the idea that the rings in pxl1∆ cells might constrict more slowly 
compared to those in wild-type cells. To examine this more precisely, I measured 
the actomyosin ring constriction rate in wild-type and pxl1∆ cells. The rate of ring 
closure in wild-type cells was about 0.130 um/min (n=10). However, the rate in 
pxl1∆ mutant cells was about 0.072 um/min (n=10; including three constricting 
rings in cells with a double ring structure) (Figure 4-9B and C). These data 
indicated that Pxl1p might play a role in proper constriction of the actomyosin 
ring. 
To identify molecules that might interact with Pxl1p, I carried out genetic 
crosses between pxl1∆ and actomyosin ring assembly / function mutants cdc3-124, 
cdc4-8, cdc8-110, cdc12-112, cdc15-140, rng2-D5, rng3-65, myo2-E1, rlc1∆ and 
myp2∆. After examination of these double mutants, I found that pxl1∆ displays 
synthetic lethality with cdc4-8 and myo2-E1. In addition, I observed strong 
genetic interactions between pxl1∆ and rng2-D5 as well as pxl1∆ and rlc1∆ (Table 
4-1.). pxl1∆ cells did not exhibit appreciable genetic interactions with mutants 
such as cdc3-124, cdc8-110, cdc12-112, and cdc15-140, which are known to be 
defective in F-actin assembly. Thus, it appeared that Pxl1p might interact with 
components of the type II myosin machinery and Rng2p to regulate aspects of  
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Figure 4-9. Rate of actomyosin ring constriction slows down in pxl1∆ mutant 
cells. 
(A) Percentage of cells with Rlc1p ring is higher in pxl1∆ mutant. Wild-type and 
pxl1∆ mutant cells expressing rlc1-GFP were grown at 24ºC and observed by 
fluorescence microscopy. The number of cells with Rlc1p ring was quantified 
(n=500). (B) Rate of ring constriction is constant in both wild-type and pxl1∆ 
mutant cells. Wild-type cells expressing rlc1-GFP were grown at 24ºC and 
observed by time-lapse confocal microscopy. Z-stack images were taken at 
different time points. 3D-reconstruction images are shown at a 45º angle. The 
diameter of the Rlc1p ring was measured and plotted over time. Two examples 
from wild-type and pxl1∆ mutant cells are shown, and the rate of ring constriction 
was calculated using the stated formula. dn represents the diameter of the 
actomyosin ring at the time tn. (C) Rate of ring constriction is slower in pxl1∆ 
mutant cells. Wild-type and pxl1∆ mutant cells expressing rlc1-GFP were treated 
and observed as in (B), and the calculation of the rate of ring constriction was 





Table 4-1. Summary of genetic interactions of pxl1∆ and rng mutants 
 
mutant 
cell separation phenotype 
(24 ºC) 
pxl1∆ X 
cdc3-124 pxl1∆ X 
cdc4-8 pxl1∆ SL 
cdc8-110 pxl1∆ X X 
cdc12-112 pxl1∆ X 
cdc15-140 pxl1∆ X 
myo2-E1 pxl1∆ SL 
rng2-D5 pxl1∆ X X X X 
rng3-65 pxl1∆ X X X 
rlc1∆ pxl1∆ X X X X 
myp2∆ pxl1∆ X X 
 
x represents the degree of cell separation defects. xxxx means most severe 




4.1.10 LIM domains are required for Pxl1p function 
Pxl1p, like other members of the paxillin family, contains three tandem LIM 
domains at its C terminus. To determine the function of these conserved LIM 
domains, I generated a C-terminal truncated protein by introducing ura4+ marker 
into the pxl1 coding region. The strain I obtained was named pxl1-lim∆ in which 
the three LIM domains were deleted. Microscopic examination of pxl1-lim∆ cells 
showed that they had the same cell separation defect as pxl1∆ cells (Figure 4-10A). 
This result indicates that LIM domains are necessary for Pxl1p function. To 
investigate whether LIM domains are sufficient for Pxl1p function, I also tested if 
the LIM domains could rescue the cell separation phenotype in the pxl1∆ mutant. 
To this end, several plasmids that contain pxl1 full length, N-terminal part and 
C-terminal part were constructed and transformed into pxl1∆ mutant cells. 
Interestingly, the plasmid pREP81-pxl1-N did not rescue the mutant phenotype, 
while pREP81-pxl1-C and pREP81-pxl1 completely rescued the cell separation 
defect (Figure 4-10B). Figure 4-10C shows the quantification of the percentage of 
cells with septa as well as the number(s) of septa. Thus, LIM domains themselves 
are sufficient to carry out Pxl1p function. In addition, I also made GFP tagged 
constructs for different parts of Pxl1p. Surprisingly, I found that both N-terminal 
and C-terminal truncated proteins localized to the division site in septating cells,  
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Figure 4-10. LIM domains are required for Pxl1p function. 
(A) pxl1-lim∆ cells show a cell separation phenotype as in pxl1∆. Wild-type, 
pxl1∆ and pxl1-lim∆ cells were grown at 24ºC and observed by light microscopy. 
(B) LIM domains can rescue the pxl1∆ phenotype. pxl1∆ cells bearing the 
plasmids pREP81, pREP81-pxl1, pREP81-pxl1-N and pREP81-pxl1-C were 
grown at 24ºC. Samples were taken and stained with aniline blue to visualize 
septa. (C) Quantification of the number of septa. Cells from (B) were quantified 
for the number of septa (n=500). (D) Localization of N- and C-terminal parts of 
Pxl1p. pxl1∆ cells bearing the plasmids pREP81-GFP-pxl1, pREP81-GFP-pxl1-N 
and pREP81-GFP-pxl1-C were grown at 24ºC and observed by fluorescence 
microscopy. Images with Calcoflour white staining of the cell wall are shown at 






as did full-length Pxl1p (Figure 4-10D). In addition, the C-terminal part of Pxl1p 
that contains the three LIM domains was also present in the nucleus (Figure 
4-10D, arrow). This suggests that targeting of Pxl1p to the division site can occur 
through its N-terminal part or through the LIM domains at its C terminus. 
Together, these data indicated that LIM domains are essential for Pxl1p function. 
 
4.2 Discussion 
4.2.1 S.pombe Paxillin-related protein, Pxl1p, is a component of the 
actomyosin ring 
In this study, I have characterized the single paxillin-related protein from the 
fission yeast, Pxl1p, which like other members of this family contains 3 LIM 
domains. Interestingly, previous microarray analyses have shown that the 
transcript of Pxl1 peaks during late mitosis, suggesting a role for this protein in 
the regulation of actin and/or myosin function during cytokinesis (Rustici et al., 
2004; Oliva et al., 2005; Peng et al., 2005). Although pxl1-transcript has been 
shown to undergo six-fold increase during mitosis and cytokinesis, the protein 
levels fluctuated less dramatically and could be at best seen to fluctuate in less 
than a two-fold range (Figure 4-11). I have found that S. pombe Pxl1p is a 
component of the actomyosin ring, a structure that assembles during mitosis and is 
essential for cell division. Unlike its budding yeast, Dictyostelium, and 
mammalian counterparts, however, S. pombe Pxl1p was not detected at sites of  
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Figure 4-11. Detection of Pxl1p protein levels during the cell cycle. 
cdc25-22 13Myc-pxl1 cells were arrested at the G2/M boundary by incubated at 
36ºC for 4 hours and released by shift to 24ºC. Samples were then taken every 30 
mins. Proteins were prepared, separated, blotted and detected with α-myc (upper 
panel) and α-Arp3 (bottom panel) antibodies. Proteins prepared from 
asynchronized cdc25-22 and cdc25-22 13Myc-pxl1 cultures were as negative (-) 








cellular polarization. Since fission yeast cells lacking Pxl1p are defective in 
cytokinesis, but not in polarized growth, it is likely that paxillins might be used for 
different physiological end points in different organisms. Whether mammalian 
paxillins participate in cytokinesis has not been addressed to date. 
In S. pombe, assembly of the actomyosin ring occurs in a series of distinct 
steps (Wu et al., 2003; Wu et al., 2006). The earliest detected protein is Mid1p, 
which is detected at the medial cortex, almost throughout the cell cycle. A large 
number of proteins, including the formin-Cdc12p, Fer-Cip domain protein Cdc15p, 
type II myosin components, Myo2p, Cdc4p, and Rlc1p assemble into nodes and/or 
spot-like structures late in G2 (Wu et al., 2006). Upon entry into mitosis, nodes 
composed of the above mentioned proteins and F-actin compact into an 
orthogonal actomyosin ring (Wu et al., 2006), which constricts upon completion 
of anaphase. Interestingly, I have been unable to detect Pxl1p in nodes in G2 cells 
and in rings in early mitotic (metaphase and anaphase A) cells. Thus Pxl1p 
localizes relatively late in mitosis compared with elements of the type II myosin 
machinery. Localization of Pxl1p to the division site in fission yeast requires the 
function of an intact F-actin cytoskeleton and other actomyosin ring components 
and is independent of vesicle trafficking and microtubules. Thus Formin mediated 
assembly of F-actin early in mitosis might help recruit paxillin to the division site. 
It has been shown that the LIM domains of paxillin can assemble at the focal 
adhesion site themselves, suggesting an important role of LIM domains in the 
distribution of paxillin (Brown and Turner, 2004). Consistent with this, I have 
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found that the three LIM domains of Pxl1p can accumulate at the division site. 
Interestingly, the N-terminal region of Pxl1p also localizes to the division site. I 
suspect that the ability of both N-terminal part and C-terminal LIM domains to 
target Pxl1p to the division site helps to localize this protein efficiently. In addition, 
the LIM domains of Pxl1p also display strong nucleus localization. Previous 
studies have shown that LIM domain-containing proteins can shuttle from the 
nucleus to the cytoplasm, which might play a role in transcription (Brown and 
Turner, 2004). It is not known whether the LIM domains of Pxl1p have a function 
in the regulation of transcription in S. pombe. 
 
4.2.2 Pxl1p functions to stabilize the actomyosin ring during cytokinesis 
What is the function of Pxl1p in the actomyosin ring? Cells lacking Pxl1p are 
viable. However, asynchronous cultures of pxl1∆ contain a high proportion of 
septating and/or septated cells. Curiously, a number of known components of the 
cell separation machinery display normal localization in the absence of Pxl1p, 
indicating that, despite the cell separation defective phenotype, Pxl1p is unlikely 
to be involved in the organization of cell separation apparatus. Interestingly, a 
simultaneous loss of Pxl1p and the protein phosphatase Clp1p, a key element of 
the cytokinesis checkpoint, leads to a severe cytokinesis defect characterized by 
the accumulation of a high proportion of multinucleate cells. Previous studies 
have shown that mutants defective in components of the actomyosin ring, such as 
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the type II myosin heavy and light chains, display cell separation defects and 
similar genetic interactions with clp1∆ mutants (Mishra et al., 2004). Since 
mutants defective in bona fide elements of the cell separation machinery, such as 
ace2∆ does not give rise to multinucleated cells in combination with clp1∆, it is 
likely that Pxl1p might regulate aspects of actomyosin ring function directly. 
Since genetic interactions are detected between pxl1∆ and myo2-E1, rng2-D5, 
rlc1∆, and cdc4-8, but not with Cdc3-profilin and Cdc8-tropomyosin, it is likely 
that Pxl1p might affect the function of type II myosin and Rng2p during 
cytokinesis. 
Analysis of actomyosin ring dynamics in pxl1∆ cells revealed a novel 
phenomenon characterized by splitting of the actomyosin ring during constriction. 
This, to our knowledge, is the first instance in which such a ring splitting 
phenotype has been observed. I have shown that Cdc7p, which localizes to one 
SPB during cytokinesis is distributed randomly with respect to the primary and 
secondary rings. I have also shown that Mid1p, which normally leaves the 
actomyosin ring during constriction, is not detected in the secondary rings, upon 
constriction of the primary rings. Finally, I have shown that the elements of the 
cell separation machinery, such as Spn1p-septin and α-glucan synthase are 
recruited to the primary, but not the secondary, rings. Although the basis of this 
phenotype is not fully understood, I consider two possible explanations. First, it is 
possible that the actomyosin ring is composed of two or more concentric rings. 
Second, it is possible that the actomyosin ring may be organized as a spiral in 
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which certain positions might be more sensitive to severing. In both of these 
scenarios, Pxl1p might prevent unraveling and severing of the ring structure. It 
also indicates that the properties of the actomyosin ring may be different before 
and during its constriction, and the late ring structure may be more sensitive to 
perturbation compared to the early mitotic ring structure. 
I have also shown that the rate of actomyosin ring constriction is slower in 
pxl1∆ mutant cells. Cells with a single (un-split) ring also display slow 
constriction, suggesting that the slow constriction is unlikely to be due to splitting 
of the actomyosin ring. Since genetic interactions have been detected between 
pxl1∆ and type II myosin mutants, Pxl1p, by modulating myosin II function, 
might regulate proper constriction of the actomyosin ring. However, the 
mechanism of this regulation is unclear since, presently, I have been unable to 
detect any physical interaction between Pxl1p and myosin II (unpublished data). 
Since pxl1∆ cells also display genetic interactions with rng2-D5 mutants, the slow 
down of ring constriction rates might also reflect potential interactions between 
Pxl1p and Rng2p that might influence ring contractility. 
In summary, I have shown that fission yeast Paxillin-related protein plays a 
key role in modulating myosin II and Rng2p-IQGAP function during cytokinesis. 
In addition, Pxl1p also ensures integrity of the actomyosin ring during cytokinesis. 
Future studies should investigate the potential interactions between Pxl1p, Rng2p, 
and myosin II, as well as to examine the molecular basis of actomyosin ring 
splitting in fission yeast cells lacking Pxl1p. It will also be of interest to determine 
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5 CHAPTER V  GENERAL DISCUSSION 
 
Maintenance of a proper morphology is important for growth and division in 
all types of cells and tissues. The cylindrical-shaped fission yeast provides an 
excellent model to understand the basis of cell morphology control. In the first 
part of this study (Chapter III), I have identified and characterized two novel 
proteins, Pal1p and Sla2p, which are involved in the regulation of cell morphology 
in fission yeast. I have shown that pal1∆ and sla2∆ mutant cells display abnormal 
cell morphology, and that cell wall assembly is also defective in these two mutants. 
Pal1p is a membrane-associated protein, and Sla2p is an actin binding protein. 
There are no obvious transmembrane motifs in the coding region of Pal1p, and 
this raises an interesting question on how Pal1p is associated with the membrane. 
It has been shown that the cell membrane contains different domains with various 
functions in fission yeast (Wachtler et al., 2003). Thus, it is possible that the 
anchoring of Pal1p at the cell membrane is dependent on the property of a specific 
membrane domain. Further studies should be carried out to address this issue. In 
contrast to Pal1p, Sla2p is highly conserved from yeast to humans. It has been 
extensively studied in both budding yeast and mammalian cells, and the major 
function of Sla2p is its involvement in the organization of the actin cytoskeleton 
and endocytosis (Engqvist-Goldstein and Drubin, 2003). My studies as well as 
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that of others indicate that the fission yeast Sla2p homolog displays similar 
functions (Iwaki et al., 2004; Castagnetti et al., 2005). In addition, the talin 
domain of Sla2p is essential for new end growth, and it has been proposed that 
Sla2p might function as a downstream component of the Tea1p signaling pathway 
to promote cell growth at the time of new end take off (Castagnetti et al., 2005). 
However, it remains unclear how Tea1p recruits Sla2p to the new cell end. Both 
biochemical and genetic experiments have shown that Pal1p interacts with Sla2p 
in vivo, and overexpression of Pal1p suppresses sla2∆ mutant phenotype. Detailed 
investigation of the interaction between these two proteins will facilitate the 
understanding of the regulation of their functions.  
In this study, I have shown that actin and microtubules are reorganized in cells 
with abnormal morphology. These observations indicate that the shape of the cell 
could influence the organization of the intracellular structure, such as the 
cytoskeleton. In fission yeast, many studies have been focused on how the 
microtubule cytoskeleton contributes to the establishment and maintenance of the 
cylindrical cell shape (Sawin and Nurse, 1998; Sawin and Snaith, 2004). It has 
been assumed that microtubules are the primary determinant of cell shape. In the 
absence of microtubules, cells become bent or branched, due to misplacement of 
the growth machinery at the cell surface. A detailed study has established a 
molecular link between microtubules and polarized growth cues (Martin and 
Chang, 2005). My observation that the interphase microtubules are dis-organized 
in spherical pal1∆ cells strongly suggests that cell shape itself might be important 
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to determine the organization of microtubules. Consistent with this notion, 
conversion of the spherical shape into a cylindrical shape during growth leads to 
the change of microtubules from a criss-cross structure to the anti-parallel 
microtubule bundles. It is possible that there is a feedback loop between the 
microtubules and cell shape, and together they form a closed circuit. In the future, 
it will be worth examining how this feedback loop is operated by analyzing the 
dynamic behavior of microtubules and changing cell morphology using physical 
manipulation. These studies will provide some novel insights on how the 
self-assembled microtubules could be affected by the environmental cues, even it 
is difficult to determine whether the formation of cell shape precedes the assembly 
of microtubules or vice versa. 
In this study, I have shown that spherical cell shape leads to abnormal cell 
division, due to the misplacement of cell division site. Furthermore, I have found 
that coordination between the mitotic spindle and the actomyosin ring is lost in 
spherical cells. In recent years, the coordination between cell division and cell 
shape has been studied in other organisms. For instance, it has been shown that 
different interphase cell morphologies give rise to different cell division patterns 
in mammalian cells (Thery et al., 2005; Thery and Bornens, 2006). Further studies 
have shown that the organization of adhesion sites in interphase affects the 
orientation of the mitotic spindle, through the spatial distribution of cortical 
signals (Thery et al., 2006). In wild type cylindrical S. pombe cells, the division 
site is positively regulated by the protein Mid1p. It has yet to be established 
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whether Mid1p protein functions normally in spherical cells. It will be interesting 
to investigate the molecular mechanisms underlying the selection of cell division 
site in cells with abnormal morphology. 
Cytokinesis in fission yeast requires an actomyosin based contractile ring that 
forms during early mitosis at the division site. In the second part of this study 
(Chapter IV), I have identified a paxillin-related protein, Pxl1p, which is a novel 
component of the contractile ring. Pxl1p functions specifically at the late stage of 
cytokinesis, and is required for the stabilization of the actomyosin ring during 
constriction. From my genetic studies, it appears that Pxl1p might function 
together with the type II myosin and IQGAP Rng2p. Interestingly, biochemical 
studies from the Perez laboratory has shown that Pxl1p can interact with Rlc1p 
and Cdc15p, two components of the actomyosin ring (Pinar et al., 2008). This 
further supports the notion that Pxl1p has a direct role in the organization of the 
actomyosin ring. More experiments are needed to further address the question of 
how Pxl1p regulates the function of the actomyosin ring. The fact that Rho1p 
activity is increased in pxl1∆ mutant cells suggests another role for the 
Rho1p-dependent signaling transduction pathway in cytokinesis, and warrants 
further study (Pinar et al., 2008). 
In the past decade, many essential components of the acytomyosin ring have 
been identified. However, due to the inability of these mutants to assemble / 
constrict an actomyosin ring, it has not been possible to investigate their direct 
roles in the process of constriction. There are several interesting questions related 
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to the constriction of the actomyosin ring, such as, how do actin and motor 
proteins function together during constriction and what is the property of the 
actomyosin ring during constriction? In pxl1∆ mutant cells, cytokinesis is less 
robust and less efficient, and this allows one to examine the process of 
constriction more closely. My observation that the split ring appears at the late 
stage of cytokinesis, suggests that the actomyosin ring behaves differently before 
and during constriction. It would be interesting to perform compositional analysis 
of the actomyosin ring complex in different mutant backgrounds. In addition, in 
vitro reconstitution of the actomyosin ring will also provide more mechanistic 
insights into the regulation of constriction. Such studies would elucidate the 
biochemical differences in the actomyosin ring at various stages of the cell cycle. 
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